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Abstract 
Traditionally, the modular construction industry has addressed fire safety 
considerations by means of direct compliance to building codes. However, currently 
available building codes, such as the Australian National Construction Code, were 
not conceived for addressing the particular design constraints encountered in 
modular construction. Given the prescriptive nature of the available code compliance 
methods, fire safety solutions in modular construction are inevitably suboptimal in 
regard to performance and cost. 
The aim of this thesis is to develop tailored fire engineering solutions for modular 
construction founded on knowledge-based methods. An ongoing project is used as a 
case study. The project involves creating a technology that allows to robustly stack 
lightweight construction modules with a rise in storeys of three or more. Such a 
methodology needs to be robust enough to deal with the compounding tolerance 
errors that are a characteristic challenge for the industry. 
The developed technology requires features that depart from conventional in-situ 
construction technologies, in order to cater for the transportation challenges that are 
exclusive to modular manufacturing. Fire assessments are not currently available for 
such systems. Hence, investigations must be conducted to validate the performance 
of such modular building elements in a fire. 
An innovative system of modular units is devised specifically to be amenable to 
resisting to thermal effects of fire, whilst still being able to guarantee robustness and 
provide the capacity to resist wind actions. The system is based on original 
intermodular connections. This system guarantees the semi-independence of 
modules in the way they respond to the effect of the fire, but offers sufficient 
cohesive action to guarantee wind resistance and robustness. Due to the 
aforementioned semi-independence of its unit, this system is easily tractable in terms 
of structural assessment, and is repeatable, providing the ideal building block for 
modular methodology. Preliminary analysis has furthermore shown the benefits of 
this innovative system and of the performance-based approach which inspired it, in 
comparison to the prescriptive code compliance method. These benefits are 
economic and safety-related.  
Specifically, for the exemplar case study, the performance-based analysis allows the 
reduction of construction material. This analysis then highlights potential life hazards 
associated with layout design, which are neglected in a prescriptive approach. The 
second desired outcome is the development of modular solutions for fire-rated 
intertenancy partitions. This methodology must be equivalent in performance to in-
situ built solutions, but at the same time be congruent with the methodologies, 
requirements and challenges that are peculiar to the modular industry. 
This thesis presents a set of practical solutions for modular vertical fire-rated 
partitions. These solutions include a novel hybrid system with an exposed timber and 
lightweight steel frame plus plasterboard lining. Two original configurations for such 
system are proposed. Experimental assessment of this innovative system is 
conducted in a furnace. The exploratory testing of the partition demonstrates a 
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performance which significantly exceeds regulatory requirements for the intended 
applications. 
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Introduction 
1.1 Background  
This research project is undertaken as part of a collaboration between the School of 
Civil Engineering of The University of Queensland and Ausco Modular. Ausco Modular 
is a manufacturer of modular buildings that is based in Australia, and that is part of the 
international Algeco Scotsman group. Ausco has employed a significant number of 
resources to develop modular solutions that provide direct compliance to the building 
codes that are relevant to fire safety. Designing buildings around a knowledge-based 
fire safety strategy is the only way of obtaining building approval. In a prescriptive 
approach, the only means by which compliance is demonstrated is by proving to have 
correctly interpreted and applied the code. 
Yet, demonstrating direct code compliance is a costly endeavour for modular 
construction. More importantly, results appear potentially unsatisfactory from the 
performance perspective, and the solutions developed are inconsistent (see Figure 
1-1 and Figure 1-2).  
Figure 1-1: Self-assembling modular fire wall as per Patent [1]. 
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Figure 1-2: Addition of redundant fire-rated prefabricated concrete column to self-supporting modules, as per Patent 
[2].
Both systems involve significant manufacturing expenses, as they differ significantly 
from a conventional lightweight modular construction, in order to achieve direct code 
compliance. Yet no consideration of performance has been taken when developing 
the solution. This makes way for systems that are suboptimal in terms of cost and 
performance. Less robust solutions available on the market appear as having been 
accepted upon a relaxation of the code; there is no appreciation in the current 
framework as to whether such leaner systems would perform in a less satisfactory 
fashion in a fire.  
1.2 Context  
Modular construction has broadened its significance in past few decades, from the 
provision of simple temporary buildings, to being capable of the manufacturing of the 
main building blocks for the assemblage of almost fully complete high-rise residential 
buildings on site [3]. The classification of offsite construction process is articulated in 
four “levels”, in function of the percentage of work done off-site in a factory 
environment, versus the reaming in-situ labour necessary to complete the project. As 
per [3] [4], and not mentioning Level 0 - that sees negligible off-site built 
contributions: 
 Level 1 employs limited prefabricated elements, such as structural elements. 
 Level 2 involves linear or planar structural elements that constitute the basis 
to build upon.  
 Level 3 involves volumetric modules which are structurally supported by in-
situ built structures.  
 Level 4 employs self-supporting volumetric modules that comprise wholly 
extensive parts of a construction, and require minimum finishing work on-site. 
Ausco Modular operates mainly in the Level 4 level. The project will be mainly 
focused on the devise of solutions for products to this higher degree of off-site finish. 
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Recent years have seen a resurgence of interest in the benefits of modularisation. 
Such interest is set to increase with the technical advances of building information 
modelling and automation facilitating the adoption of modular technologies [5]. Also, 
studies are being carried out to understand of how to increase the prevalence of 
modular construction by integrating it into early stages of design and decision-making 
[6], [7]. 
The defining feature of volumetric modular is the prevalently off-site manufacture 
aspect. Advantages of modular construction include the following [3], [7], [8], [9], [10]: 
1. Ease/speed of construction. This is the case firstly because on site preparation 
can be conducted in parallel with factory work. Also, factory operations have 
intrinsic speed advantages, stemming from dedicated factory tools, to the 
advantage of being sheltered by the weather and site disruptions. 
2. Intrinsic capacity of exploiting economies of scale, which is a characteristic of 
manufacturing. 
3. Reduced project disturbance. On-site work can be minimised, leaving the 
modules installation as the only disruptive element.  
4. The overall quality associated with a factory construction.  
5. In projects destined for remote and sparsely populated areas, concentrating the 
bulk of the work in factories can solve issues related to local high costs and a 
lack of resources and labour. 
Examples of what is traditionally constructed in this fashion vary from mining camps 
to schools, education facilities, office complexes, apartment blocks, and hotels. 
Concrete, timber and steel are materials traditionally used as structural elements for 
the modular industry [3]. This thesis will focus on modules mainly comprised of steel 
structural members. Volumetric modular construction technology departs significantly 
from traditional in-situ methodologies. We use the term ‘volumetric modular’ to refer to 
structures comprised of pre-finished three-dimensional sections. Building 
compartments are manufactured in factories, transported in modules, and assembled 
on site [11], [12]. This process renders a number of conventional building materials 
and assemblies unsuitable for the requirements of modular construction. Some 
building assemblies are not suited for transport or to be dislocated in different modules. 
For example, manufacturer instructions for plasterboard installations yield walls and 
ceilings that are inadequate to resist stresses in transport. Therefore, proprietary 
methodologies are developed and employed by modular manufacturers.  
Intertenancy wall systems that are traditionally employed for townhouse complexes 
provide a further example of how traditional code compliant construction 
methodologies are not suited to the modular industry. The erection of freestanding 
masonry walls is incompatible with modular construction times, and is costly. 
Commercially available systems such as the fire-rated Hebel intertenancy wall (see 
Figure 1-3) are not suited, as they need to be constructed on-site concurrently with the 
dwellings, while volumetric modular buildings are assembled and mostly prefinished 
on site [13]. 
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Figure 1-3: Hebel intertenancy wall, from [8]. 
1.3 Research Problems/Gaps 
The National Construction Code sets the minimum requirements for the design, 
construction and performance of buildings in Australia. The code is given legal effect 
by the states and territories legislations. Compliance is achieved via solutions that are 
deemed to satisfy the performance requirements, via alternative solutions, or via a 
combination of the two. The alternative solution is deemed acceptable if it can be 
proven to meet the specified performance requirements, or if it is assessed as at least 
equivalent to the deemed to satisfy provision [14]. Evidence of suitability can be 
difficult and time-consuming to obtain in the case of fire.  
Within the current design framework, fire safety considerations are regarded as 
afterthoughts, by means of direct building code compliance, through the adoption of a 
deemed to satisfy solution or of commercially available performance assessed 
systems. As exemplified in the previous section, though, modular construction 
methodologies depart from deemed to satisfy solutions and from commercially 
available assessed building assemblies. 
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Traditionally, in a tendering stage, a design and estimating department offers a 
modular solution to a customer for a generic product that can vary from a mining camp 
accommodation to an apartment block. Building code compliance is the means by 
which first design constraints and costings are defined, as the ratio of tenders to 
awarded projects is low, and only finite time and technical expertise can be devoted. 
Once the project is awarded, and in the case that direct compliance is challenged or 
poses technical difficulties, more attention is devoted. At this later stage, a fire 
engineer can be involved. This occurs typically when a solution adopted is not deemed 
to be code-compliant. Similarly, a compliance officer can deem that the modular 
embodiment of a commercially available building solution departs from manufacturer 
instructions; the officer can reject the solution, and a manufacturer is unlikely to 
explicitly provide support for deviations from its manuals. At this stage, demonstrating 
performance requires an assessment that is costly and time-consuming. Often, and 
given the time constraints, such a demonstration is project-specific. This stands in 
contrast with the philosophy of repeatability of solutions, which is a key feature of 
modular systems.    
In summary, modular systems are often not deemed to satisfy solutions or be on a par 
with the available assessed products on the market. This is because building codes 
and construction materials were developed to cater for traditional, in-situ construction 
methodologies. Furthermore, fire requirements appear to have been less based on 
knowledge, and more based on a tradition that was developed when modular solutions 
were unavailable. Finally, the fact that items are fire-rated in isolation is in contrast 
with volumetric modular, where the building elements can be blended within the 
module (i.e. the whole module can be a cohesive loadbearing element), or separated 
between modules (i.e.: partitions can be in two parts that are hosted in separate 
modules).  
This background can explain why the modular industry has faced more expenses and 
difficulties with fire compliance than in other areas. Yet the current practice can be 
described as an attempt to tweak modular construction systems to resemble accepted 
solutions for in-situ construction. This practice inevitably yields solutions that are 
costly, inconsistent, and potentially unsatisfactory from a performance perspective. 
Depending on different building certifiers and regions, different modular solutions can 
be obtained for the same typology of dwelling. Such solutions yield different outcomes 
if assessed from a knowledge-based approach, and entail different costs. A 
performance-based approach is based on the objective of the code: stemming from 
such objective, the optimal cost solution can be in principle obtained. Moreover, 
interpretations of codes or manuals for unconventional systems diverge from one code 
official to the other, and between different regions. This provides uncertainty in the 
building approval phase, resulting in costly uncertainty for the industry. There is 
therefore interest from the sector to approach fire safety with a knowledge-based 
approach that suits the modular methodologies, as choices on the basis of 
performance can be debated on a quantifiable basis.  
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1.4 Research Method 
Two modular systems have been chosen as the exemplars to be studied with a 
performance-based approach: a novel modular medium-rise structure and a hybrid 
lightweight steel-plasterboard and timber modular fire-rated wall. 
1.4.1 Application to a current project: development of a novel performance-based modular 
medium-rise structure 
A current development project is offered by Ausco Modular as a case study around 
which to develop modular knowledge-based fire solutions. The development is code-
exempt, and subject only to the vaguely prescriptive Manufactured Homes Act [15]. 
The act applies to residential dwellings that can be relocated because they are not 
permanently attached to land. The act is concerned with regulating the operation of 
residential parks, and does not encompass the construction of the dwellings. 
Figure 1-4 provides an illustration of a three-story retirement resort situated in Hope 
Island on the Gold Coast. 
Figure 1-4: Development project offered by Ausco Modular as case study.
Examples such as the Ausco Modular development project (which is the exemplar for 
this thesis) are not bound by code compliance. Thus, in these examples, it is feasible 
to proceed by designing a fire engineering strategy, and developing the modular 
solution around it, which can entail significant advantages [16]. The product is 
compared with the outcome of prescriptive design from a performance and cost 
perspective. 
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This project is chosen as it is not bound by prescriptive requirements, and the product 
can be developed exclusively on a performance basis. The comparison with the 
compliant counterpart gives a quantitative measure of the benefits of the approach. 
The fact that the development is ongoing allows to gauge how the novel approach can 
integrate in the current framework, by means of actual engagements with architects 
and fire engineers.  
1.4.2 Application to modular vertical fire partitions: development of a novel performance-
based hybrid lightweight steel-plasterboard and timber modular fire-rated wall 
The development of a novel modular fire-rated wall is the second part of the project. 
Knowledge-based fire solutions and prescriptive solutions depart less significantly in 
this typology of intertenancy partitions. The intricacies of modular construction and the 
fact that available systems that do not cater for modular are (as hinted in section 1.2) 
the issues to contend with. 
A standard assemblage of lightweight steel and plasterboard elements capable of 
creating fire-rated partition can potentially result in modules that are inadequate for 
transport. With a performance-based approach, we develop a hybrid steel and 
plasterboard plus timber partition that guarantees robustness in transport of the 
module whilst still suited to standard modular manufacturing practices. The partition is 
assessed in a furnace test to Australian Standard 1530.4 [17] as a preliminary step to 
gauge the feasibility of the concept. A small-scale furnace, geared at mainly 
addressing unconventional joints, is identified as the adequate testing apparatus. This 
equipment provides an exploratory assessment of the innovative partition, whilst 
minimising costs. 
1.5 Research Aims/Objectives 
The primary desired outcome is the development of the first volumetric modular 
technology founded on knowledge-based fire safety. With a performance-based 
approach, every expense to fire-safe a building can be measured with the performance 
benefit given (life safety, protection of property). Hence, the minimal cost solution for 
the required performance can be obtained, with significant benefit to the industry. The 
overarching objective of this project is the development of a medium rise multi-storey 
volumetric modular system, suited to different utilisations/building classes (residential, 
office space, education facilities and medical centres).  
The modular connotation will need to translate into a system that is easily repeatable; 
it ideally would create the base block for future modular construction procedures, as 
well as for the design, tendering and costing processes. The kernel at the heart of the 
modular industry is a very specific necessity to “assemble and cost” a building system 
out of simple and repeatable units with upfront clear costs and performance. 
Congruently with this philosophy, the objective will be that to develop methodologies 
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that differ from a traditional in-situ built solution. Intrinsically modular businesses seek 
to run by modular friendly standardised systems, and fire engineering safety solutions 
tailored specifically for modular construction are not currently being offered. 
To be effective, the system we aim to develop needs to be compatible with low 
accuracy modular industry production methodology. In some instances, modular 
businesses have tailored their construction methodology to suit an ideal on-site 
installation. Our objective is to create an innovative system that does not require the 
mass-production of componentry with tight tolerances, due to the inherent high costs 
associated with a production facility that can guarantee such precise construction. 
Commercial failures of the “tight tolerance” approach have recently occurred in the 
Australian market. We aim to design on-site installation procedures with a 
methodology that is compatible with low precision modular factory build, and tolerant 
to on-site adversities. 
The first desired outcome for this research is a system that is equivalent in fire-safety 
performance to a permanent in-situ built construction. Yet an important feature is for 
such modules to be relocatable in temporary applications. The second desired 
outcome is the development of a novel modular technology for fire-rated intertenancy 
partitions. The aim is to develop a partition that is easily assembled, so to be amenable 
to standard modular manufacturing practices. Such a system is intended to be 
equivalent in performance to in-situ built intertenancy partitions. At the same time, this 
system is lightweight and suited to comprise a preassembled module that is capable 
of resisting the solicitations associated with transport. The partition can replace a 
conventional wall in a module when fire rating is required, so as to provide a 
straightforward and upfront cost option for vertical fire rating. This is in line with the 
modular philosophy of providing interchangeable solutions with forthright well-defined 
costs and performance.  
1.6 Thesis Outline 
The current chapter addresses the background and motivation for the project, and 
outlines the two modular systems that are the exemplars to be studied with a 
performance-based approach.  
Chapter Two investigates the development of the novel performance-based modular 
medium-rise structure. Chapter Three investigates the development of the novel 
performance-based hybrid lightweight steel-plasterboard and timber modular fire-
rated wall. Finally, Chapter Four concludes the thesis by summarising the results 
and achievements of the project, and by highlighting of the gaps in the assessment 
and research opportunities for future studies. 
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Chapter Two 
2 Performance-based study of a modular medium-rise structure 
with novel inter-modular connections 
2.1 Outline and objectives 
In this chapter, the following will be undertaken:  
 A performance-based fire strategy will be developed around the exemplar 
project.  
 A prescriptive code compliant approach will be undertaken and compared with 
the performance-based strategy. 
 A modular system integrally developed around this strategy will be defined in 
its fundamental outline. The exemplar development is divided in generic 
structural stackable volumetric base modules which are amenable to low 
precision manufacturing requirements. These low precision-built modules can 
be employed by spacing the modules out. This is contrary to most modular 
construction practices, which aim to place high-precision modules in tight 
contact with one another. With the devise of tailored inter-modular connections, 
this spacing has the potential to allow the tower encompassing the module 
where the fire occurs to freely expand, so as to avoid excessive stresses. If 
intermodular independence is beneficial in reducing thermally-induced 
stresses, it is detrimental in terms of wind resistance and robustness of the 
structure. Such connections thus need to be minimally reactive to the localised 
thermal expansions in a fire. Yet they also need to provide synergic effects 
between the modules in normal conditions (when the fire is not occurring). 
The virtual intermodular independence has the benefit of being easily mathematically 
tractable. A consequence of this is that the module can be in principle utilised as a 
building block for all developments of the same utilisation type, without the need for 
expert advice on passive fire safety.  
The study’s first step involves assessing a three-modules tower as being 
independent of the neighbours via ab initio calculation, to assess its capability to 
resist the effects of the fire, and together to have the potential to be robust 
independently from other structures. Wind actions are not addressed at this stage. 
Wind loads in Australia are such that a narrow tower of lightweight construction 
modules cannot be designed effectively to resist wind actions on its own. For this 
reason, an analysis of the whole structure with its connection is the only appropriate 
approach. Conversely, an alternative solution could be that of shielding the modules 
with concrete structures, for example to solely deal with wind actions. In this case, 
the resistance to wind of the modules would be irrelevant anyway. 
Once the independent tower of modules is deemed to be capable of assuring 
resistance to fire and to have potential to provide robustness on its own, a set of 
innovative intermodular connections is proposed. Such connections are devised to 
allow thermal expansion of the structural elements of the module on fire to occur as if 
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the towers are independent. Conversely, the connections need to have the modules 
to work together to guarantee robustness and to act against wind actions. An 
exception to this happens when wind resistance is (as explained above) delegated to 
other heavy structures, in normal conditions (without fire occurring). 
One specific typology of connection is selected as the focus of our study, as it is easily 
implementable in construction, and straightforwardly tractable with software analysis. 
Structural analysis via Autodesk Robot is conducted to validate a construction that 
employs such an original connection. The assessment includes structural resistance 
to fire, wind and robustness. Also, the sensitivity to highly rigid elements (whether 
intended or unintended) in neighbouring structures is assessed. 
2.2 Fire strategy  
The safety strategy aims to preserve life safety, structural resistance and property 
protection. Structural integrity is a prerequisite during the evacuation phase, and is 
assumed as a work health and safety obligation for the fire brigade in the later 
phases of the fire. We have elected to guarantee property protection of units located 
beside where the fire develops. 
In order to assess whether the building can guarantee life safety, structural 
resistance and property protection it is necessary to calculate the evacuation times 
and of the effects of the fire on the building and the occupants. This will help us to 
evaluate the threat posed to life safety, to the structure of the building, and to the 
building’s contents [18]. Also, it is necessary to calculate the required safe egress 
time (RSET), the available safe egress time, and the time to structural failure (ts). 
The condition that  
     ≪     
coupled with the condition that the time to structural failure exceeds the duration of 
the fire, or 
  →  
are the requisite to obtain our objectives. 
Compartmentation, or containment of the fire and smoke to the area of origin, is the 
means by which we intend to guarantee the objectives above. Experimental 
verification of our systems will be required to validate that our construction can 
guarantee compartmentation for the duration of the fire.  
2.2.1 Evaluation of structural stability in the event of a fire 
The effect of the fire on the structure is assumed to be confined to the fully 
developed fire stage [19]. We calculate fire temperature and duration, and model the 
heat transfer to the structure: this allows to assess the capacity of the structure to 
resist the fire. The self-supporting volumetric module is defined and its capacity to 
27 
resist the fire is assessed. Figure 2-1 below shows the self-supporting modular units 
stacked one on top of the other, and side by side. 
Figure 2-1: Self-supporting modular units stacked one on top of the other, and side by side. 
2.2.1.1 Evaluation fire temperature 
Sole occupancy units are comprised of compartments that are deemed mainly 
compatible in dimensions with the literature on experiments carried out on fully 
developed compartment fires [20]. The kitchen area is of larger dimensions and 
irregular geometry, and is at this stage not considered in the analysis. Further 
analysis or experiments will be required to address that specific area.  
The compartment opening factor is defined as    
  √ 
   , where    is the area of 
wall and ceilings excluding the openings, and     and H are the area and height of 
the opening [19]. For compartments with multiple openings, the area is the sum of all 
areas, while the height is the average weighted height, calculated as 
∑(     )
∑(   )   [21]. 
The values of opening factors for the compartments in the sole occupancy units are 
calculated as being below 8 − 10         . This corresponds to a fuel-controlled 
regime [19]. Experimental data for fuel-controlled fire is scattered, but calculated 
temperatures for such regime are lower than in the ventilation-limited fires. We set 
the temperature conservatively at 1000° C, and assume it stays constant throughout 
the fully developed fire stage [22]. 
2.2.1.2 Evaluation of Fire Duration 
Given the difficulties associated with trying to predict burning rates for fuel-limited 
fires, which depend on the specific fuel configuration, we rely on experimental data 
for typical furniture loads. Experimental observation suggests that typical domestic 
furniture fires have a duration of twenty minutes [21], [23]. 
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2.2.1.3 Heat transfer to the structure 
Figure 2-2A shows the typical structure of an Ausco module with floor and ceiling 
lining only displayed. Figure 2-2B shows two of such modules stacked one on top of 
the other, with a fire burning in the lower module. In terms of structural soundness of 
the assembly, we focus our attention on the structural members of floor of the unit 
above. We neglect the ceiling frame, which carries no loads and only serves as a 
barrier between the upper and lower units.  
In order to calculate the temperature increase in case of fire of the structural 
elements of the floor of the module above, we neglect the ceiling cavity, and model 
the heat transfer as shown in Figure 2-2C, with plasterboard lined to the bottom of 
the upper unit floor, which is conservative.  
Figure 2-2 : A Structure of a module; B stacked modules with fire; C stacked modules with fire neglecting the ceiling 
frame cavity. Floor and ceiling lining displayed only. 
The walls and ceilings linings are facing the fire, and the structural steel is exposed 
to ambient air, as displayed in Figure 2-3. 
29 
Figure 2-3: Module with fire surrounded by modules. Wall and floor elements are exposed to ambient air on the outside, 
and lined with plasterboard exposed to fire on the inside. 
Heat transfer to the structure is treated as a one-dimensional model, solved via a 
finite differences numerical solution, with discretisation schematically shown in 
Figure 2-4 below.  
Figure 2-4: Discretised gypsum board and steel elements. 
The nomenclature is explained as follows:  
 The subscript _  denotes gypsum plaster. 
 The subscript _   denotes steel. 
30 
    ,    are the thicknesses of the gypsum plaster and steel base element. 
   _  ,   _  are the areas of the gypsum plaster and steel base elements i, j. 
     _  ,     _ is the volume of the gypsum plaster and steel base element i, j. 
   _( )⋮ _(   )  is the surface of heat exchange between gypsum plaster elements 
i and i+1.  
   _( )⋮ _(   )  is the surface of heat exchange between gypsum plaster elements 
j and i+1. 
    ⋮       is the surface of heat exchange between gypsum plaster elements 0 
and the fire. 
   _ ⋮        is the surface of heat exchange between steel element M and 
ambient air. 
    ,    are the densities of gypsum plaster and steel. 
   _  ,   _  are the specific heat of the gypsum plaster and steel.  
 ℎ _ _ ⋮     is the lumped coefficient of convective and radiative heat exchange 
between gypsum plaster element 0 and the fire. 
 ℎ _ _ ⋮    is the lumped coefficient of convective and radiative heat exchange 
between steel element M and the ambient air. 
    ,    are the coefficients of conductive heat transfer of gypsum plaster and 
steel. 
   ⋮  or   ⋮  are the coefficient of conductive heat transfer between gypsum 
plaster and steel and vice versa. 
Values are taken from available literature [19], [21], [24], [25] : 
   = 1440       
   = 7850       
  _  = 840   (   ∗  ) 
  _  = 460   (   ∙  ) 
ℎ _ _ ⋮     = 45   (   ∙  ) 
ℎ _ _ ⋮    = 25   (   ∙  ) 
   = 0.48   (  ∙  ) 
   = 45.8   (  ∙  ) 
The energy balance equations are shown below. 
Gypsum plaster exposed element (node 0): 
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ℎ _ _ ⋮      _ ⋮           −   _     −   _ ⋮ _       _      _       =     _      2      _     _   ∆    _    ∆ 
Gypsum plaster interior elements (node i, with i = 1… N): 
−  _( )⋮ _(   )      _( )      (   )      −  _( )⋮ _(   )      _( )      (   )      =     _     _     _   ∆    _    ∆ 
Gypsum plaster “half element”  N in contact with  steel “half element” 0:
−  _ ⋮ _(   )      _( )      (   )      −  _ ⋮ _   ⋮     _      _      ⋮  =     _      2      _     _   ∆    _    ∆ 
Steel “half element” 0 in contact with gypsum “half element” N: 
−  _ ⋮ _   ⋮ ?    _      _      ⋮  −  _ ⋮ _       _              =     _     2     _     _   ∆    _    ∆ 
Steel interior elements (node j, with i = 1… M): 
−  _( )⋮ _(   )       _( )      (   )      −  _( )⋮ _(   )       _( )     _(   )      =     _     _     _   ∆    _    ∆ 
Steel exposed element (node M): 
ℎ _ _ ⋮     _ ⋮         −   _     −   _ ⋮ _(   )      _      _(   )      =     _     2     _     _   ∆    _    ∆ 
75 x 75 x 6mm Squared Hollow Sections are employed as columns, and 230mm 
Parallel Flange Channels are used as floor beams. One layer of 10mm thick gypsum 
is utilised as lining. Mean steel section thicknesses are used and heat exchange 
surfaces to fire and air are set as equal, which appears conservative given the 
specific configuration of the modules. The temperatures of the steel elements of the 
module are calculated to increase by 420°C for the columns, and 385°C for the floor 
beams directly above.  
More attention is required towards modelling if the fire can spread from one 
compartment fire to the adjacent ones within the sole occupancy unit, while the 
original fire has not extinguished. The conservative material and heat transfer 
assumptions employed for the structural elements have the potential to still be valid 
with simultaneous compartments fires, given that modules are independent and all 
structural elements are exposed on one side to the inter modules cavity. Adopting a 
similar approach, with multiple compartment fires occurring simultaneously and 
lasting for a longer time than their calculated independent duration (i.e. for the sum 
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of their virtual independent durations) could in principle offer a conservative and still 
simple model. More careful consideration is, however, needed. 
2.2.1.4 Preliminary structural analysis 
The first step is to attest if the maximum structural temperature reached by the 
structure during the fire is below 550°C. The latter is the customary critical 
temperature for steel failure. A more detailed analysis will then be carried out. The 
light steel modular construction methodology envisioned has the potential to suffer 
from large compressive stresses in the presence of rigid translational restraints. The 
lightweight steel employed is unlikely to experience thermal gradients with 
corresponding curvature. Allowing each module to freely expand is seen as a 
reasonable means to avoid excessive stresses. Yet the requirement for structural 
robustness and the high horizontal loads due to wind actions in Australia require 
interconnections between modules, which in principle can restrain expansion. 
Furthermore, connections between modules are unavoidable, causing some degree 
of translational restraint, which needs to be quantified. A specific system of 
connections between the modules is to be devised in such ways that it allows for the 
modular interconnectivity compatible with load transfers, whilst allowing for thermal 
expansions. The analysis is conducted via Autodesk Robot Structural Analysis for a 
construction comprised of originally interconnected towers in section 2.7. 
2.2.2 Calculation of RSET 
The time to egress    is calculated as follows 
   =    +      +   
     is the detection time. 
      is the pre‐movement time. 
    is the displacement time.  
 Evacuation is initiated by detection.  
 We employ as part of our strategy smoke alarms that are interconnected to all 
sole occupancy units, general areas and to the permanent on-site manager.  
 We consider     as negligible. 
      is difficult to evaluate from literature [18], [26], [27], [28], [29]. Yet the 
presence of an on-site manager that can confirm evacuation to residents 
allows us to neglect it. 
 Occupancy densities are between 0.01 and 0.02 people per meter square: 
such densities are incompatible with ques forming at the stairs entrances. 
We have thus made the following considerations: 
   ≈   
 Occupant displacement times are calculated with velocities conservatively 
selected for disabled people. Values of 0.24 m/s and 0.13 m/s are selected for 
horizontal and on-stairs movements [29].  
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 Distances are for worst-case scenario, specifically with closest set of stairs 
not accessible for evacuation. 
2.2.3 Calculation of ASET 
The ASET is defined as the time when fire-induced conditions within an occupied 
space or building become untenable [18]. We employ a zone model to calculate the 
time to untenable conditions. The model divides the room into two defined zones: an 
upper zone with hot combustion products and lower layer with cold air. The fire heat 
release rate of development of the fire  ̇ is approximated [30], [19] as  
 ̇ =     
with fire growth coefficient    = 0.003         , as characteristic of slow growing fires 
[19]. 
An axi-symmetric plume is assumed and the entrainment correlation used is 
  ̇ =                     ̇          
where g is gravity acceleration,        and   are the density, the specific heat and 
the temperature of ambient air, and H is the entrainment height and E is 0.21 [31]. 
The simple model is implemented via a spreadsheet, which calculates the smoke 
layer descent time to a height that impairs visibility. This height has been arbitrarily 
nominated as two meters. If the structure is able to contain the fire and smoke in the 
area where it develops and prevent it from reaching the escape route (which is to be 
verified experimentally), the evacuation problem is in principle confined to the sole 
occupancy unit evacuation. 
2.3 Building code assessment 
The building code assessment is conducted in concertation with a registered fire 
safety engineer in New South Wales and Queensland. The building is classified in 
function of its occupancy. As an accommodation for the aged, it is a Class 3 building. 
The code requires a Type A fire resisting construction type for this class of buildings.  
In terms of passive fire protection, fire performance is deemed to be achieved if 
building elements (columns, walls and ceiling) guarantee specific fire resistance 
values. These values include structural adequacy, integrity and insulation. The fire 
resistance values are defined in terms of testing to Australian Standard 1530.4 [17]. 
The National Construction Code’s deemed to satisfy solutions, and commercially 
available rated solutions are to be employed. The solutions that best approximates 
our modular system would be selected to define the ideal code compliant wall 
system. However, as per previous explanations, such construction methodologies 
are likely to need modifications to suit the modular construction, and their direct 
compliance is intrinsically unsure. It is apparent how this code-based assessment 
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departs significantly from a performance-based assessment, as the code does not 
present any explicit quantification of the occupants’ behaviour and of the building’s 
performance in the event of a fire. 
2.4 Knowledge-based design and prescriptive code compliant systems comparison 
The performance-based approach defined in the methodology changes the definition 
of the problem from the code-compliant approach. The prescriptive approach is 
satisfied by utilising components with defined fire ratings. In our performance-based 
approach, the objects of life safety, structural and property protection are obtained by 
containing the fire and smoke in the sole occupancy unit where they develop, for the 
duration of the fire. With this objective in mind, evacuation from the neighbouring 
units—which is calculated as being below ten minutes—is in principle viewed as a 
contingency plan. 
The duration and intensity of the fire are defined and calculated; the proposed 
system adequacy is defined in terms of resistance to such values. From the basic 
analysis of the building, one layer of 10 mm gypsum board is adequate to protect the 
columns and guarantee structural adequacy in fire. Traditional furnace test ratings, 
when used as a guideline, suggest that cladding of this kind applied to Ausco’s 
modular construction should be adequate to guarantee integrity and insulation for the 
expected fire duration. As a caveat to the acceptance of this guidance, in our 
approach, integrity and isolation are defined as the capacity of the system to contain 
smoke and flame from spreading to the neighbouring areas. Instead, a conventional 
furnace test assesses building elements in isolation and without loads is applied, 
under the effect of a normalised fire. Furthermore, test results are only available for 
systems that do not exactly conform to modular solutions. This is hence an indication 
only, and leads to the identification of the need to conduct experimental analysis, in 
order to validate our systems. 
In contrast to the results above, the building code requirement in a type A 
construction is to employ structural elements that are fire-rated to 90-90-90 minutes’ 
resistance for structural adequacy, integrity and insulation. To achieve such ratings, 
commercially available tested systems require a minimum of two layers of 13 mm 
thick gypsum boards. The comparison is graphically displayed in Figure 2-5. The 
construction methods are not suitable for transport, given adhesive application 
modalities and discontinuity in construction [32], [33]. 
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Figure 2-5: Code compliant versus performance-based wall construction
The first benefit of the performance-based approach is that it has the potential to 
allow a significant saving in materials. A second benefit is that the developed 
strategy highlights a potential life hazard inherent to the original layout design for the 
project. Evacuation times from sole occupancy units are identified as a potential life 
safety hazard. The prescriptive approach neglects this, as it focuses on construction 
types and does not deal specifically with evacuation times within the sole occupancy 
units. The original design for the project implied a maximum evacuation time from a 
sole occupancy unit of around two and a half minutes. However, the kitchen area 
(which was originally in the critical path of evacuation) was calculated to reach 
untenable conditions around the one-minute mark. Negotiation with the architect 
around this quantifiable deliverable resulted in a cost neutral variation to the design. 
The kitchen was removed from the critical path (refer to Figure 2-6). A life safety 
benefit has been the outcome of this knowledge-based approach. 
Figure 2-6: Cost neutral variation to the design -kitchen removed from critical path.
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2.5 The outline of the self-supporting stackable unit  
The module is defined as a partially opened sided module with vertical loads 
transferred at corners and intermediate points at the perimeter. The intermediate 
posts are to be concealed within partitions. In this way, the supporting elements are 
not exposed to fire on all sides, and are always exposed to one cavity between the 
modules. 
We present a basic outline of the philosophy of construction of our system below. 
Our system is tailored towards the minimisation of costly modular installation 
complication issues [7]. In the pursuit of assemblage methodologies that do not 
require tight tolerances, we identify a hybrid approach. This approach aims to 
achieve some benefits of the “modules between modules supported by a primary 
structure” typology (where tolerance errors do not compound) and self-supporting 
stackable units. 
We base our system on self-supporting stackable units. We intend, though, to keep 
each module spaced horizontally from the neighbouring ones at the same level. This 
appears to be counterintuitive: self-supporting modules are generally aimed at tight 
fits, in the ideal aim of eliminating on site workmanship to complex the units. Yet 
some workmanship to fill the gaps is almost unavoidable, and results in the industry 
have highlighted how unexpected tolerance departures are costly to remediate when 
the fit is tight. 
In our system, bridging wide gaps between neighbouring modules is performed on 
site. The presence of such gaps allows eliminating the possibility of clashes between 
the modules due to positive dimensional variations. Correction of misalignments in 
the façade, internal walls floors and ceilings is not arduous, given that complexing 
elements are broad in comparison to the order of magnitude of the errors. 
Complexing gaps between the modules require minimal trade on site; the broad 
spacing allows for ease of access, and can actually reduce finishing times on site. 
This stands in comparison to modules with tight fits, where precision work can be 
tedious. Complexing material can be hosted within the modules during 
transportation, minimising material-handling on site. Furthermore, the presence of 
convenient access allows removing the complexing from the critical path, as 
modules can be delivered altogether without interruption to the crane operation. For 
example, application of gaskets on top of modules joints with tight fits can require 
pauses in the craning process. Systems that self-assemble instead, such as [1] 
require complicated construction methodologies. These systems require quality 
control procedures in the factory and before installation, as no access is available 
once the modules are combined. This system also has the benefit of lending itself to 
the application of different methodologies for the complexing of the modules.  
Positional and dimensional tolerance issues can be rectified even after crane 
delivery. The broad spacing between buildings allows more forgiveness in the 
correction. The effects of vertical tolerances are still to be dealt with as the buildings 
modules are being delivered via a crane, as per known methodologies [34].  
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2.6 Ab-initio structural analysis 
Figure 2-7 below shows the structural elements of the module that is envisioned to 
constitute the basic building block for the construction.  
Figure 2-7: Structural elements of modular kernel. 
75 x 75 x 6 Squared Hollow Sections are employed for the 8 equally spaced columns 
(all columns at 4.8 meters distance from one another, in both directions), and 230 
Parallel Flange Channels are used as floor beams. The height is dictated by the 
architectural specification, with floor to ceiling depth above 2.4 meters. The 
maximum length is fixed to 14.4m, and the maximum width is fixed to 4.8m. These 
measurements are in excess of the dimensions that can be carried on a truck without 
having to incur in additional costs and permits in most Australian states and 
territories. 
As a first sense check, we verify if the maximum structural steel temperature 
reached during the fire is below 550°C, which is the commonly regarded critical 
temperature for steel failure. At 550°C, the yield strength of structural steel is 
approximately 60% of its room temperature value [35]. The temperature of the steel 
elements of the module is calculated, as per detailed in the heat transfer section, to 
increase by 420°C for the columns, and 385°C for the floor beams directly above 
with one layer of 10 mm thick gypsum board on walls and ceilings. Thus, a more 
detailed analysis is carried out. 
The modular construction envisioned has the potential to suffer from large 
compressive stresses in the presence of translational restraints. The lightweight steel 
employed is not subject to thermal gradients and conforming curvature. Permitting 
free expansion of heated elements is a means by which to avoid excessive stresses. 
Yet the requirement for structural robustness and the high Australian wind loads call 
for interconnections between modules, which have the potential to restrain 
expansion. Furthermore, connections between the finished modules are unavoidable 
when obtaining floor, ceiling and wall continuity between modules. This causes some 
degree of translational restraint that needs to be quantified. A specific system of 
connections between the modules is devised conceptually: it needs to allow for the 
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modular interconnectivity compatible with load transfers, whilst permitting thermal 
expansions.      
2.6.1 Wind loads 
Australian wind actions can generate horizontal forces that are comparable to 
vertical loads. Such magnitudes can lead to the need for inter-modular connections 
of modular towers, or to the necessity to shield the modules with a concrete 
structure, for instance. For this reason, a simplified analysis of a self-supporting 
modular tower in isolation would not be of any significance. The only suitable 
approach is an assessment of the whole structure with its connections. Appendix 2-A 
presents some considerations on the design of a modular structure to wind actions 
for the specific wind region of the exemplar. 
2.6.2 Structural robustness 
Appendix 2-A presents a preliminary verification method for structural robustness of 
a self-supporting modular tower in isolation. 
2.6.3 Structural behaviour under thermal effects 
Figure 2-8A shows the typical structure of an Ausco module with floor and ceiling 
lining only displayed. Figure 2-8B shows two of such modules stacked one on top of 
the other. For the structural analysis, we conduct a simplified assessment that 
neglects the ceiling frame, which carries no loads and only serves as a barrier 
between the upper and lower units. In terms of this preliminary structural analysis, 
the structure of our modular kernel is comprised of the structural elements of the 
floor and columns of one module, and the floor of the module above, without the 
ceiling frame. This is highlighted in Figure 2-8C. 
Figure 2-8: A Structure of module; B stacked modules; C kernel of modular structure for simplified structural analysis. 
Floors and ceiling lining displayed only. 
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The lightweight steel employed is deemed not to be subject to thermal gradients and 
conforming bowing. The module has the potential to suffer from large compressive 
stresses in the presence of translational restraints [36]. In the ideal case of complete 
translational restraint, thermal stresses can be calculated as 
  =    (  − 293 )
where  , the coefficient of thermal expansion of structural steel is 14x10-6K-1
from [21] and    is Young’s Modulus for structural steel at temperature T. 
Utilising as an indication the universal curve for yield stress, and the polynomial for 
Young’s Modulus for elevated temperatures from [37], an increase in temperature of 
about 100K in a completely restrained beam would be enough for the stress to reach 
the yield value at that temperature. With an increase of 420 for the columns, and 
385°C for the floor beams directly above, such as that calculated in section 2.2.1.3 , 
the stresses for a completely restrained beam are significantly higher than   , the 
yield stress of structural steel at temperature T. Permitting free expansion of heated 
elements is a means of avoiding excessive stresses. 
Conservatively, we consider that the bases of the columns in the ground floor are not 
allowed any expansion by the concrete piers. This approach subjects the columns of 
the ground module to the maximum stress, as they are forced to the maximum 
eccentricity. Incidentally, the floor beams would fail, but given that this is the ground 
floor, and such event would occur following the flashover, the failure would not entail 
any danger. Furthermore, the customary methods of connecting modular buildings to 
piers can allow displacements, rendering this an extreme case, perhaps suited to 
buildings that have already been constructed, as opposed to the ones that will be 
built in the future on the basis of this study. 
We ideally aim to permit unrestrained vertical and horizontal expansion of the 
module where the fire develops, as per Figure 2-9.  
. 
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Figure 2-9: Module where the fire develops allowed to fully expand without restraints from connections with 
neighbouring modules.
In other words, we aim to develop a building interconnection that allows for the 
transfer of loads (for purposes of transfer of loads and robustness, as explained in 
the previous sections). Such connections are, however, not to restrain expansions of 
magnitude corresponding to the expected thermal expansion. These connections are 
represented in Figure 2-10. 
Figure 2-10: Schematic representation of ideal inter-modular connections that do not impede thermal expansion. 
Some restraint to movement between the finished modules is unavoidable in order to 
obtain floor, ceiling and wall continuity between modules. This restraint will in 
principle need to be quantified. The analysis will neglect this restraint at this 
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preliminary stage. If the module is free to thermally expand without restraints from 
neighbouring modules, then the analysis needs to focus on the modular kernel of 
Figure 2-8C. The module is able to resist the fire if the thermal stresses within its 
overdetermined structure are below yield and buckling values. The load due to the 
modules above will be included in this framework. We consider the fire to occur in 
the ground floor as worst-case scenario, as vertical loads are higher.  
For this simplified analysis, we suggest that the fire compartment is contained within 
one third section of the module. Given our maximum module is 4.8 x 14.4m, each 
compartment is a 4.8 x 4.8m closed area contained within the module, delimited by 
the columns. Figure 2-11 shows the outer third of the compartment highlighted by 
the orange dashed lines. We will focus on this outer third, as this part is subject to 
higher stresses than if the fire were to occur in the middle section. 
We regard that the expansion is confined to this fire compartment only, with base of 
columns fixed in a worst-case scenario, as explained in the previous section.  
Figure 2-11: Thermal expansion of the floor beams above the fire. 
This allows a simplified analysis: the compartment expansion will be overestimated, 
as there is no transfer of heat to the steel in the adjacent areas. We focus our 
attention on the columns. In order to assess whether the columns can resist the 
thermal expansion of the floor beam above the fire, we consider the floor beams 
conservatively as infinitely stiff, with an unopposed thermal expansion of    =
 (      − 293 ) ×  , where   is the length of the beam, as per Figure 2-11, and 
      the temperature of the floor beam above. 
The columns are welded to the floor beams below, and pinned to the floor beam 
above, as modules are to be bolted together, as represented in Figure 2-12. 
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Figure 2-12 : Representation of connections between columns and floor beams and of thermal expansion.
We calculate bending moments at the base of the column due to the (conservatively 
assumed) unopposed thermal expansion of the beams above, and we include loads 
from the floors above. We then compare the stresses to the yield strength at the 
maximum temperature reached by the structure in the fire. 
The conservatively unrestrained transversal thermal expansion of the floor beam 
above the fire is shared between the two columns, so each one will displace 
transversally by  ′  =  (          )× .    = 12.94   (see Figure 2-13 below). 
Figure 2-13: Displacement of the top of the column in the transversal (δt) and longitudinal (δl) direction caused by 
thermal expansion of the floor beams above.
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As per the longitudinal expansion, the columns at the end of the module will displace 
more than the internal ones. Thus, these columns are the focus of our attention. In 
reference to Figure 2-14 below, the columns in the compartment are at 440˚C, with 
Young Modulus E(405˚C) =176.08 GPa , while the other columns are at 20 ˚C, with 
E(20˚C) =192.73GPA. Considering the floor beams above as infinitely rigid, and the 
thermal expansion unaffected by the column resistance, the thermal expansion of 
the longitudinal beam    =  (      − 293 ) × 4.8  will displace the columns’ top by  
 ′  and  ′′ , where   ′  +  ′′  =    = 25.87  . 
Referring to Figure 2-14,  ′  =             (   ℃)  (  ℃)  , and  ′′  =             (   ℃)   (  ℃) 
Where R is the reaction of the pinned columns to the displacement of the beam,    
is the second moment of area of the column section, and h is the column height. 
giving  ′  = (  × 420℃ × 4.8 )  
   
 (   ℃)  (  ℃)
 (   ℃)   (  ℃)  = (  × 420℃ × 4.8 ) ×0.76=19.56mm 
Figure 2-14: Displacement of the top of the columns in the longitudinal (δl) direction caused by thermal expansion of the 
floor beams above.
We do not analyse the fire occurring in the middle compartment, as in our 
assumptions, the longitudinal expansion can be shared by two columns, with lesser 
stress than in the outer columns of the outer compartments. Our attention is focused 
on the case of fire occurring in the external compartment, on the external columns of 
the compartment, and on the corresponding columns above. We proceed in 
calculating the loads on the ground floor columns, which will carry a greater load 
than those situated above. 
The mass per square meter of each module is estimated from Ausco internal records 
to be 100kg/m2 with live load at 1.5kN/m2 [38]. The load of the two floors above is 
equally divided between the ground floor module’s eight columns, with a dead load 
per column of W=45.8kN. This is a conservative distribution, as it penalises the 
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exterior columns. These are the columns that are forced to the maximum 
displacement.  
Thermal expansion of the floor beams in the compartment above the fire and the 
corresponding displacements in the transversal and longitudinal directions of the 
columns’ top are calculated as shown above. The column’s reaction force to the 
displacement of the column’s head by a generic amount   is    =           . 
Where    is Young’s Modulus at the temperature reached by the column in the fire, 
calculated from [37] , as explained earlier in this section, at T = 440˚C for the 
columns,      the second moment of area of the column section, which is for a 75 x 6 
squared Hollow Section equal to 1.16*106 mm4, and h is the column height, equal to 
2.9 meters as a minimum for an Ausco Module. 
With the longitudinal and transversal displacements calculated above, the force 
applied is      =             = 487.22N longitudinally,      =             =  322.22N 
transversally. This translates into orthogonal bending moments      =             =1412.94NM  and      =             = 934.45NM  at the bottom of the column, with 
maximum stresses      =            2  = 45.68    and      =            2  = 30.21   
that combine at    =       +       = 75.98   .  
The dead load W=45.77kN on each column translate into orthogonal bending 
moments        =   ×  ′  = 895.26 Nm  and        =   ×  ′  = 592.07 Nm at the 
bottom of the column, with maximum stresses        =  ×         2  = 28.94    and 
       =  ×         2  = 19.14    that sum at       =         +         = 48.08   .  
The sum of the contributions of the column’s resistance to the displacement and the 
eccentric dead load from the floors above adds up to a maximum stress of on the 
section at the base of the column of   =      +        =           +          = 123.97   , 
where   =  ′  +  ′ . 
The stress is lower than the value of yield stress at 440˚C, which is 167.24MPa (if 
assuming 250MPa is the value at ambient temperature). 
We now consider the columns to be welded to the floor beams above as well. The 
floor beams above are again conservatively regarded as being infinitely stiff with 
unopposed thermal expansion, as per Figure 2-15.  
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Figure 2-15 Representation of all welded connections between columns and floor beams and of thermal expansion.
The maximum bending moment              =                 is developed as a 
reaction to the displacement (at the base and at the top of the column) is double the 
bending moment at the base of a pinned column            =                
displacing by the same dislocation        , as per Figure 2-16 below.
Figure 2-16: Bending moment to same displacement (no weight) of column welded at base and pinned at top vs column 
welded on both ends, kept parallel to original orientation.
As the displacements   are the same as those analysed for the pinned-welded 
column and the weight is the same, the maximum stress of on the section at the 
base of the column is   =  
 
 
   
  
+  
   
          = 199.85   , where T is the 
temperature of the column at 440˚C.  
Given that in this case the thermal displacement component  
 
 
   
  
          of the 
stress is much higher than the weight component   
 
 
 
   
          , it is worthwhile 
considering the external column of the module above (even if the weight resting on it 
is half of the one for the ground floor), as their rigidity is higher. Then   of the column 
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above is   =  
 
 
    ℃
  
+       
   
          = 191.60   , which is lower than the 
maximum stress of the column below. Thus, we focus our attention only on that 
column below. 
The stress on the lower column is higher than the yield stress at 440˚C. When the 
bottom section’s maximum stress reaches the yield stress value, the column will start 
to plastically deform. If we calculate the bending moment capacity at the bottom of 
the column as the yield at 440˚C multiplied by the area (we are assuming deflections 
are small enough to be compatible with stress being equal to the yield throughout the 
section), even neglecting the corners, as per in Figure 2-17, then the maximum 
bending moment that the section can develop in both the longitudinal and transversal 
plane is equal to         =     ℃ × (0.075  − 2 ∗ 0.006 ) ∗ 0.06  × (0.075  −
0.006 ) = 4362  ; this is higher than the bending moment exerted by the 
displacement of the column head in the longitudinal and in the transversal plane 
                =              +   ×  ′   and                  =              +   ×  ′  . 
Figure 2-17: Maximum bending moment at column base (excluding corners).
We note that it is conservative to assume that the reaction to the displacement is still 
linear. This reaction is going to be lesser, as rigidity is assumed to decrease after 
reaching yield. Given that after reaching yield, the rigidity of the column decreases 
(the stress strain relation is less steep, or plateaus, as it is the case for structural 
steel), it is conservative to represent the stress at the top of the column with the 
same formulas utilised at below yield stress value, as per Figure 2-18. The Euler-
Bernoulli beam theory strictly would only apply with linear stress strain relation and 
small displacements.  
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Figure 2-18: Maximum stress the base of the column reaching the yield stress value, and corresponding maximum stress 
at the top of the column.
We can the conservatively verify whether the stress at the top,    =         , is below 
the yield stress at the maximum temperature reached within the fire duration of T= 
440 ˚C for the column and       =405 ˚C for the floor beam above. The stress    at 
the top of the column at the maximum temperature reached by the fire is equal to 
151.77MPa. This is lower than the yield stress at 440˚C, which is 167.24MPa. 
Finally, we focus our attention on the effect of the neighbouring compartment within 
the module on the expanding compartment. As per Figure 2-19, we assume that the 
horizontal reaction is dealt with by the floor beams and does not transfer on the 
column. 
Figure 2-19: Reaction of the neighbouring compartment to the horizontal (left) and vertical (right) expansion of the 
compartment where the fire develops.
For the vertical expansion, we distinguish between the pinned and the welded 
structure, as per Figure 2-20. 
48 
Figure 2-20: Reaction of the neighbouring compartment to the vertical expansion of the compartment where the fire 
develops for pinned (left) and fully welded structure (right).
For the pinned version, the forces exerted on the internal and external column of the 
compartment are of the order of    = 3   20℃ + 54  1
4 20℃
+ 1
3 405℃
 
 
           
 3
 and    =  
  
 
    ℃
 
 
     ℃
 
           
  
, as per Figure 2-21 below (the modules above are 
all at 20˚C though);  
the effect of    is counteracting the weight on the external column, thus having a 
beneficial effect.  
In terms of the internal column, the stress becomes   =      +        =
 
 
 
   
  
+     
   
    , where   =  ′  +  ′′  is the displacement of the internal column, 
where  ′  = (  × 420℃ × 4.8 )  1 −  
   
 (   ℃)  (  ℃)
 (   ℃)   (  ℃)    , while  ′  = (  × 420℃ ×
4.8 )/2  as per the external column;    is negligible with respect to the weight, so we 
can neglect the effect.  
Figure 2-21: Reaction of the neighbouring compartment to the vertical expansion of the compartment where the fire 
develops for pinned (left) and fully welded structure (right).
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For the welded model, the force and bending moment exerted on the compartment 
are of the same order of magnitude of all the other forces that had been calculated 
previously. The conservative approximations used in the analysis thus far yield 
unfavourable results, at least for the conservative 250 MPa ambient temperature 
yield stress assumption. Yet a more precise and less conservative calculation of the 
distribution on the columns of such loads is too convoluted for this type of manual 
analysis. A computer program is intended to be used for the specific system.  
As a sidenote, a traditional modular construction with modules strongly connected 
with one another, would yield some negative effects. For example, the horizontal 
displacement of the beams would be carried throughout the structure, whilst it is 
contained to the module where the fire occurs in our envisioned methodology. 
Furthermore, a rigid and strong connection between neighbouring columns at 
different temperatures will impose higher stresses on the expanding column in the 
fire compartment. In the traditional modular construction, where columns are close 
together, the temperature differences between the column impinged by the fire and 
the column in the neighbouring module are in principle smaller than in the design 
involving isolated modules. Yet the computation of such difference is not feasible in 
an ab-initio calculation, and might not be significantly different from the difference 
that in practice we will have in the novel construction methodology. 
This preliminary conservative analysis suggests that the structure is capable of 
withstanding the fire, if it is contained within a compartment, for the pinned structure 
approximation. This is a valid representation of the Ausco construction. A more 
precise and less conservative calculation of fire development and of loads will be 
conducted with the aid of computational tools. 
2.7 Proposed solutions for inter-modular connections: innovative rigid connection 
displaced from columns head, with modules spaced by the expected thermal 
expansion 
As discussed earlier, the current practice in the volumetric modular industry sets 
modules juxtaposed at close proximity, with column heads rigidly bolted or welded 
together. Volumetric modular construction literature offers an ample set of solutions 
for both vertical and horizontal inter-modular connections: from bolted connections 
[34],[39], to fully welded options [40], [41], [42]. The modular literature also offers 
specific details of original connection methodologies [43]. These methodologies 
include the following: 
In the case of the event of fire, rigid horizontal interconnection (and potentially 
vertical too, as preliminarily explored in section 2.6.3) is potentially unfavourable in 
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terms of thermal expansion. An example of this unfavourable effect is represented 
schematically in Figure 2-22. 
Figure 2-22: Representation of unfavourable effects in terms of thermal expansion during a fire for juxtaposed modules 
at close proximity with column heads rigidly connected.
Ab-initio calculations have suggested that ideal inter-modular connections that allow 
for some relative thermal displacement —and departing from current practices— has 
the potential to be beneficial in the case of fire.  
Viable solutions in terms of inter modular connections include: 
a) Elastic connections or connections that only start engaging after a certain 
displacement of the neighbouring unit. The later typology of connection is 
intended to be engaged only when the neighbouring modules’ column 
proximity is less than that corresponding to the expected thermal 
expansion, in case of fire. This typology is represented in Figure 2-23. The 
preliminary analysis of the latter type, in particular, can be confined to the 
study of one tower of modules in isolation, as schematically represented in 
Figure 2-24. 
b) Connections that fail in case of local thermal expansion due to fire, but are 
effective in joining the tower of modules for wind actions and earthquakes, 
and are adequate in guaranteeing structural robustness. 
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Figure 2-23: Connections that only engage when neighbouring modules’ columns proximity is less than that 
corresponding to expected thermal expansion of beam above in a fire.
Figure 2-24: How the study of one tower of modules with connections that engage only after a specific displacement can 
be conducted in isolation from neighbouring towers.
52 
Building codes, however, require customarily rigid horizontal connections between 
structural elements— or modules, in the case of volumetric modular construction. 
Rigid horizontal tying forces are typically dimensioned to one third of the total load 
applied to a module, as an implicit assurance for structural robustness [34]. 
Furthermore, connections must be able to distribute loads between the semi-
independent towers of modules to guarantee effective resistance to wind loads. 
Resistance to ultimate state for wind actions would make the design of connections 
that fail in case of fire difficult and contingent to the specific project. Such 
connections should be designed case by case. These connections should be fine-
tuned, so that they do not fail under ultimate state wind loads, but fail under the 
stresses associated with thermal expansion. 
Conversely, elastic connections and connections with a minimum distance activation 
threshold pose difficulties not only for ultimate state, but also for serviceability. These 
connections would be designed to engage the neighbouring modules only after a 
certain displacement —and order of magnitude of such displacements are 
comparable with excessive deflections under serviceability load. In other words, until 
a certain displacement, the module will have to act on its own. For example, the 
windward tower of modules might need to be rigid enough to be compliant to 
serviceability requirements on its own, without any contribution from the 
neighbouring modules or building components. This is the case whether the 
construction is intended to rely on a conventional structure to resist lateral loads, or if 
it aims to be fully modular, as in Gunawardena et al. (2016) [44]. This might be such 
that the serviceability requirements of [45] could be difficult to achieve. Additionally, 
intermodular distances cannot be excessive (as in the case of neighbouring walls). 
Too much floor area is wasted in interstitial space (see Figure 2-25).  
As a solution to this, the partition might be accommodated in one module. 
Connecting the module with the partition to the module that does not host the 
partition can, however, be cumbersome. 
Figure 2-25: Representation of partitions shared between two modules, and how the increase in distance between the 
modules can result in increasing interstitial unused space.
This could help create a connection that is elastic enough but short in size. This is 
problematic. 
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Finally, it would be difficult to model and quantify the performance of such an 
innovative kind of connection, and the available literature is insufficient for a fully 
rigid connection (see Lee et al. 46). 
The requirements described above provide obstacles for the design and validation of 
both typologies of connections. With this in mind, we devise a connection method 
that does not interfere with the expansion of the bearing beams of the module under 
fire, but that is capable of binding the modules rigidly to one another. Thus, we 
propose to displace the modules by an amount that is compatible with the expected 
thermal expansion. Following this, we propose to place inter-modular pinned 
connections in between the columns, on the longitudinal beams of the chassis. As 
explained previously, the current practice is to connect the modules at the columns, 
with modules abutted to one another. The location of such connections is highlighted 
in Figure 2-26 below. The opportunity of vertically connecting the modules to ensure 
column continuity and deal with tooling earthquake actions [42] is outside the scope 
of this study. 
Figure 2-26: Offset rigid connections -moved away from the columns’ heads, on the longitudinal beams, of the chassis.
2.7.1 Structural analysis via Autodesk Robot  
The structure described above is amenable to a simple assessment via structural 
analysis software. The modelling software employed is Autodesk Robot Structural 
Analysis. The intent of this analysis is exploratory. The software focuses on the 
construction of low-to-mid rise in stories, not subject to tolling seismic actions. 
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Exploring the limits in rise of stories and  seismic actions to which the system is 
suited, requires further evaluation of the nature of the analysis conducted in more 
specific analyses [40], [41], [42] and [43]. This offers an opportunity for further 
studies.  
Evaluation of fire temperature, duration, and heat transfer to the structure are as per 
sections 2.2.1.1-Evaluation fire temperature, 2.2.1.2-Evaluation of Fire Duration and 
2.2.1.3-Heat transfer to the structure. As per the previous sections, in this 
exploratory study, in terms of heat transfer and structural soundness, we neglect the 
ceiling frame, which carries no loads and only serves as a barrier between the upper 
and lower units. Accordingly, in the calculation of the fire-driven temperature 
increase of the structural elements of the floor of the module above, we also neglect 
the ceiling cavity. This omission is conservative.  
The simplified heat transfer model and ab-initio approach lead to such a structural 
simplification. Removing the ceiling frame is of negligible benefit in terms of 
simplification while analysing the structure via software models. Yet, given the 
extremely conservative approach with the heat transfer described in section 2.2.1.3-
Heat transfer to the structure, the omission of the frame is therefore in principle not 
important in this first exploratory study. As a reminder of our conservative 
assumptions, the thermal expansion is assumed to be asymmetrical with the ground 
floor base frame fully constrained. Also, the ceiling gap is neglected, and we do not 
add the ceiling beam mass to the floor beam above in the calculation of the thermal 
displacement of the columns’ heads. Further studies could involve more detailed 
heat transfer to the structure. In terms of intermodular connections, there is little 
available literature on assessing the stiffness and strength of the unique features of 
modular construction [47].   
A three-storey building comprised of five towers of modules was modelled using 
Autodesk Robot Structural Analysis (see Figure 2-27). Only loadbearing steel 
elements were modelled, with the ceiling beam simplification described above. The 
number of towers was limited to five. Traditionally, Ausco Modular stops at four 
towers of modules placed in close proximity, with little work to be done on site to 
finish off the joints between them. Exceeding this number increases the risk modular 
creep. Spaces between such blocks of “tightly” juxtaposed towers would generally be 
provided, so that the complexing between them can be customarily taken care of on 
site. This leaves an easy avenue to have the groups of four towers somewhat 
independent. There would be four basic blocks of the Living Gems project. We 
model five juxtaposed towers to increase opposition to the thermal expansion of the 
module on fire, at least for the conventional welded column head model. This is 
conservative as, for a fire occurring on the external modules, adding more modules 
in principle causes more displacement of the external column, giving a worst-case 
scenario for that column. In regard to a fire occurring in the internal towers, the 
forces required to constrain an expansion of the beam are orders of magnitude 
higher than what modules of such kind can give. Hence, it is in principle irrelevant to 
add a module to what standard Ausco Modular practice would suggest. Further 
studies to elaborate on this would be of interest.  
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However, the envisioned novel connection would (as per our aims) make the towers 
of modules virtually independent in the case of fire anyway. Thus, the number of 
towers connected would be irrelevant for the novel structure. 
Figure 2-27: 3D model of a three storeys structure comprised of five towers of modules involving steel load bearing 
elements only.
Figure 2-28: Front view detail showing the inter-modular gap between the towers.
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The towers of modules are spaced 25mm apart, as per Figure 2-28 above. This is in 
excess of common practice, as previously discussed. We included this gap as we 
are interested in gauging the sensitivity of the structure to the innovative 
configuration of connections described above— and, in particular, their displacement 
from the columns’ heads— as opposed to gauging the whole improvement on the 
traditional methodology. 
The temperatures of beams and columns in the compartment on fire only are 
calculated as per section 2.6.3 -Structural behaviour under thermal effects. 
Conformingly, corresponding thermal expansions are simulated in the software; 
reductions in yield stress and Young’s Modulus are applied to the material properties 
of the compartment on fire. 
As per section 2.2.1.4 -Preliminary structural analysis, we focus our attention on fires 
occurring at the bottom units. This is because it is a worst-case scenario for column 
maximum head displacement under load, being the column head displacement the 
critical factor for failure. The base-frame is conservatively fully constrained to 
unmovable footings. As displayed in Figure 2-29, two fire locations are selected: a 
fire in the central tower (which will cause symmetric displacements) and one in the 
external tower (which will cause the maximum column head displacement). 
Figure 2-29: Structure with fire in the central and external tower.
Dead loads are calculated as per section 2.6.3 -Structural behaviour under thermal 
effects. The mass per square meter of each module is estimated from Ausco internal 
records to be 100kg/m2 with live load at 1.5kN/m2, as per [38]. 
2.7.1.1 Fire analysis for conventionally connected system with 25mm inter-modular gap 
In this preliminary fire structural assessment of the conventionally connected system, 
the modules are connected at the column heads via a rigid connection, arbitrarily 
chosen as a welded 75x10mm flat bar. 
Figure 2-30 is a three-dimensional representation of the displacements 
corresponding to a fire in the central tower, for the structure with towers welded 
together at the columns’ heads, as per the traditional methodology. As it can be seen 
with the aid of the front and plan view at first story floor of Figure 2-31 and Figure 
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2-32, the maximum columns heads displacements are of 18mm, and the whole 
structure is affected by the fire. The columns of the front compartments are displaced 
by a minimum of 11mm.   
Figure 2-30: Displacements (in mm) with fire in the central tower for the structure, with towers welded together at the 
columns’ heads.
Figure 2-31: Front view of displacements (in mm) with a fire in the central tower for the structure, with towers welded 
together at the columns’ heads.
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Figure 2-32: Plan view at first story floor of displacements (in mm) with a fire in the central tower for the structure, with 
towers welded together at the columns ‘ heads.
Figure 2-33 is a three-dimensional representation of the stresses corresponding to a 
fire in the central tower for the structure, with towers welded together at the columns’ 
heads. Connections are modelled as rigid in this figure, as the stresses at the 
connections are very high and preclude the view of the stresses on the structure’s 
other elements. By modelling these connections as not being rigid, the values of the 
insignificant amount are changed. Values exceed yield stress at ambient 
temperatures for both columns and beams for the compartment in fire. 
Higher values in the connections suggest that plastic deformations are likely to 
occur, with potentially lesser stresses than those displayed for the columns and 
beams. However, in the normal case with the towers abutted at proximity, only sheer 
forces would not be transferred in case of connection failure, with the rest still being 
transferred. Yet the stress and displacement diagrams highlight excessive 
concentrations of stress and involvement of the whole structure in terms of 
displacement. Both of these factors are detrimental to the structure in terms of 
structural resistance to fire. 
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Figure 2-33: Stresses (in MPa) with fire in the central tower for the structure, with towers welded together at the 
columns’ heads. 
Figure 2-34 is a three-dimensional representation of the displacements 
corresponding with a fire in the lateral tower, for the structure with towers welded 
together at the columns’ heads. As it can be seen with the aid of the front view of 
Figure 2-35, and the first storey floor plan view of Figure 2-36, the thermal expansion 
caused by the fire results primarily in the displacement of the external column’s head 
of the module on fire. The maximum displacement is, as to be expected, at such 
external corner column, at 37mm.   
60 
Figure 2-34: Displacements (in mm) with fire in the external tower for the structure, with towers welded together at the 
columns’ heads.
Figure 2-35: Front view of displacements (in mm) with a fire in the external tower for the structure, with towers welded 
together at the columns’ heads 
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Figure 2-36: Plan view at first story floor of displacements (in mm) with fire in the external tower for the structure, with 
towers welded together at the columns’ heads.
Figure 2-37 is a three-dimensional representation of the stresses corresponding to a 
fire in the lateral tower, for the structure with towers welded together at the columns’ 
heads. Connections are again modelled in this figure as being rigid, as the stresses 
at the connections are extremely high and preclude the view of the stresses on the 
structurer’s other elements. Even in this case, values exceed yield stress at ambient 
temperatures for both columns and beams for the compartment on fire. 
As in the case of a central tower on fire, the higher values in the connections suggest 
that plastic deformations or failure would likely to occur, with potentially lesser 
stresses acting on the other structural elements. Again, however, in the normal case 
with towers abutted at proximity, only sheer forces would not be transferred in case 
of connection failure, with the rest still being transferred. Stress values are even 
higher than in the previous case. Stresses and displacement diagrams highlight 
potential excessive concentrations of stress and significant maximum displacement 
(that of the external corner column). Both are potentially detrimental to the structure 
in terms of structural resistance to fire. 
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Figure 2-37: Stresses (in MPa) with a fire in the external tower for the structure, with towers welded together at the 
columns’ heads. 
2.7.1.2 Fire analysis for novel configuration with inter-modular pinned connections in between the 
columns, on the longitudinal beams of the chassis, with 25mm inter-modular gap 
The following sections will focus on the proposed novel configuration. 
Figure 2-38 is a three-dimensional representation of the displacements 
corresponding with a fire in the central tower, for the novel configuration with inter-
modular pinned connections in between the columns, on the longitudinal beams of 
the chassis, with a 25mm inter-modular gap. 
As can be seen with the aid of the front view of Figure 2-39, and first storey floor plan 
view of Figure 2-40, the maximum columns heads displacements are primarily 
confined to the module on fire. There are displacements of higher magnitude of the 
traditional structure, as the tower is expanding in a more similar fashion to an 
independent one. Such magnitude is still smaller than that of the traditional structure 
with fire on the side tower. The whole structure is marginally affected by the fire, with 
the columns of the front compartments all displacing by a maximum of 3mm. 
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Figure 2-38: Displacements (in mm) with fire in the central tower for the novel system 
Figure 2-39: Front view of displacements (in mm) with fire in the central tower for the novel system . 
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Figure 2-40: Plan view at first story of displacements (in mm) with fire in the central tower for the novel system.
Figure 2-41 is a three-dimensional representation of the stresses corresponding with 
a fire in the central tower (for the novel configuration with inter-modular pinned 
connections in between the columns, on the longitudinal beams of the chassis, with 
25mm inter-modular gap). Values are well below yield stress, for all columns, beams 
and connections. This indicates acceptable deformations (confined to the 
compartment on fire), and absence of unnecessary rigidity in the structure. This is 
definitively advantageous to the structure in terms of structural resistance to fire. 
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Figure 2-41: Stresses (in MPa) with fire in the central tower for the novel system. 
Figure 2-42 is a three-dimensional representation of the displacements 
corresponding to a fire in the external tower, for the novel configuration with inter-
modular pinned connections in between the columns, on the longitudinal beams of 
the chassis, with 25mm inter-modular gap. As can be seen with the aid of the front 
view of Figure 2-43, and first storey floor plan view of Figure 2-44, the maximum 
columns heads displacements are fairly contained to the module on fire. The 
maximum displacement is, as to be expected, and in the same way as per the 
traditional structure, at the external corner column. Such a magnitude is lesser than 
that of the conventional structure, as once again, the tower is expanding in more 
similar fashion to an independent one (the module is not as rigidly connected to the 
neighbouring columns in the case of thermal expansion). The whole structure is 
negligibly affected by the fire. 
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Figure 2-42: Displacements (in mm) with fire in the external tower for the novel system. 
Figure 2-43: Front view of the displacements (in mm) with fire in the lateral tower for the novel system. 
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Figure 2-44: Plan view at first story floor of displacements (in mm) with fire in the lateral tower for the novel system. 
Figure 2-45 is a three-dimensional representation of the stresses corresponding with 
a fire in the external tower (for the novel configuration with inter-modular pinned 
connections in between the columns, on the longitudinal beams of the chassis, with 
a 25mm inter-modular gap).  
Values are well below yield stress, for all columns, beams and connections. As per 
the central fire, this indicates acceptable deformations (confined to the compartment 
on fire), and an absence of unnecessary rigidity in the structure. The external column 
in this fire configuration is the worst-case scenario in terms of maximum stress. The 
reduction of such stress with the novel configuration is significant, with an evident 
advantage to the structure in terms of structural resistance to fire. At the very least, 
the novel structure is modelled in a more straightforward manner than the 
conventional one (no plastic effects), and the stresses pose no concern anywhere in 
terms of structural resistance to fire. 
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Figure 2-45: Stresses (in MPa) with fire in the external tower for the novel system. 
2.7.1.3 Wind resistance and robustness analysis for novel configuration with inter-modular pinned 
connections in between the columns, on the longitudinal beams of the chassis, with 25mm 
inter-modular gap 
In this section, we assess the novel structure in terms of wind resistance and 
robustness. For the structure to comply, the added rigidity provided by our rigid 
partitions and floors is necessary. We conservatively, and in a simplified manner, 
represent the floor elements and external only wall elements with the welded ceiling 
frame and with welded straps, as per Figure 2-46. Not requiring any reinforcement in 
internal walls provides a significant benefit in terms of freedom of configuration. This 
simplified representation is regarded as lesser than the expected diaphragm effect 
that wall linings and floors could provide. 
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Figure 2-46: Floor and walls elements, conservatively simplified as welded straps and ceiling frame. 
Figure 2-47 and Figure 2-48 depict the side and top view of the displacements 
corresponding to serviceability wind (for the novel configuration with inter-modular 
pinned connections in between the columns, on the longitudinal beams of the 
chassis, with a 25mm inter-modular gap). With “Importance Level 2” -appropriate to 
the exemplar project- serviceability design is calculated with 1/20 annual probability 
of exceedance for wind actions [14]. 
For this exploratory study, we model a simple non-cyclonic area in Region B, which 
corresponds with regional wind speeds of 38 m/s, according to the Australian 
Standard for structural design for wind actions [48]. We consider only the wind action 
on the sides of the towers as windward and leeward walls, as it is the worst-case 
scenario. We assume exposed open terrains with few obstructions, and no shielding 
or topographical multiplier, and building with a reference height below 15m. The 
effective pressure is calculated as 1.35kPa (which is higher than mandated). The 
magnitude of the displacements is lesser than the height on 500, as the suggested 
acceptable deflection as per the Australian Standard for structural design actions 
general principles [45]. 
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Figure 2-47: Front view of deflections (in mm) with worst-case serviceability wind speed for the novel system.  
Figure 2-48 : Top view of deflections (in mm) with worst case serviceability wind speed for the novel system . 
For ultimate wind speeds, we use wind actions with a 1/500 annual probability of 
exceedance [14]. Using the same parameters adopted for serviceability, the 
pressure is calculated at 2.85kPa (which is once again higher than mandated). 
Figure 2-49 is a three-dimensional representation of the stresses corresponding to 
ultimate wind speed (for the novel configuration with inter-modular pinned 
connections in between the columns, on the longitudinal beams of the chassis, with 
25mm inter-modular gap). Values are well below 350Mpa for all columns, beams and 
connections. The values on the straps are not significant, as stronger elements are 
going to be present (wall claddings, floor joists). Such stronger elements will also 
provide more aid to the structure, making such results conservative. 
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Figure 2-49: Stresses (in MPa) with worst case ultimate wind speed for the novel system. 
Finally, Figure 2-50 is a three-dimensional representation of the stresses (in MPa) 
corresponding to the loss of two external columns for the novel system (with inter-
modular pinned connections in between the columns, on the longitudinal beams of 
the chassis, with 25mm inter-modular gap). The loss of two external columns (worst 
case scenario) is in excess of the requirements of [49], and values not far in excess 
of 250Mpa. 
Figure 2-50: Stresses (in MPa) with the loss of two external columns for the novel system. 
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2.7.1.4 Sensitivity to highly rigid elements in neighbouring towers, for novel configuration with inter-
modular pinned connections in between the columns, on the longitudinal beams of the 
chassis, with 25mm inter-modular gap 
As the last element of the structural analysis with Autodesk Robot, we carry out a 
sensitivity assessment on the effects of highly rigid elements in neighbouring towers, 
for the novel configuration with inter-modular pinned connections in between the 
columns, on the longitudinal beams of the chassis, with 25mm inter-modular gap. 
Two rigid towers with 200mm thick concrete walls and floors are positioned around 
the central tower on fire, as per Figure 2-51. One rigid tower with 200mm thick 
concrete walls and floors is placed adjacent to the lateral central tower on fire, as per 
Figure 2-52. The thickness and weight of such elements is incompatible with 
modular construction, but is a worst-case scenario for added rigidity. Alternatively, it 
would be a reasonable representation of a hybrid modular and in-situ construction 
(i.e. an in-situ erected lift shaft). Stresses do not vary significantly with the addition of 
such rigid elements. This suggests that the novel configuration of inter-modular 
connections allows enough freedom of expansion to the modules without adding 
unnecessary rigidity in the structure, in case of fire. 
Figure 2-51: Stresses (in MPa) with a fire in the central tower for the novel system, with rigid towers surrounding the 
compartment.
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Figure 2-52 : Stresses (in MPa) with a fire in the external tower for the novel system, with a rigid tower adjacent to the 
compartment. 
2.8 Summary and conclusions 
This chapter has described the performance fire strategy that has been developed 
for the exploratory study being undertaken as part of this thesis. This strategy is 
centred around an exemplar three-story project and is compared with a prescriptive 
code compliant approach. 
As discussed, a modular system integrally developed around this strategy has been 
devised to be amenable to low precision manufacturing requirements by 
guaranteeing space between modules, in divergent fashion from modular 
construction practices. Tailored inter-modular connection typologies have been 
devised, with the aim of allowing partially free expansion of structural elements of the 
module on fire. This will hopefully mean avoiding thermal stresses, and ensuring 
sufficient synergic effects between the modules in normal conditions. 
The result is the proposal of an innovative system of virtually independent systems in 
regard to thermal expansion. This system has the benefit of being easily 
mathematically tractable, and being suitable as a building block for mid-rise 
developments, without the need for expert advice on passive fire safety. The Ab initio 
calculation on individual towers of modules has demonstrated the potential of such a 
system to resist the effects of the fire, and to be robust.  
Finally, the chapter has proposed a specific set of innovative intermodular 
connections with the aims described above and analysed via Autodesk Robot. The 
assessment validates the systems structural resistance to fire, wind and robustness. 
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Also, the assessment demonstrates low sensitivity to highly rigid elements in 
neighbouring structures.
Appendix 2-A: Wind loads 
The Building Code of Australia requires that buildings of Importance Level 2 such as 
for this exemplar project, be sized for design events for safety with 1/500 annual 
probability of exceedance for wind actions [14]. For Australian Region B, this 
corresponds with regional wind speeds of 57 m/s, according to AS1170.2 [48].Given 
that modular constructions are designed to be in principle replicated in any site and 
in any orientation, regional wind speeds are to be assumed to act from any cardinal 
direction. All walls are to be considered to be potentially inward, leeward and side 
walls. For general design conditions such as exposed open terrains with few 
obstructions, and no shielding nor topographical multiplier, buildings with reference 
height below 15 meters can be subject to effective pressures up to 2.8kPa for 
combined effects. Horizontal forces are comparable to vertical loads. Such loads are 
of magnitudes that encourages building interconnection to reduce actions against 
overturning, as represented schematically in Figure 2-53 below.  
Figure 2-53: Schematic representation of inter-modular connection effect on tie-down forces. 
Appendix 2-B: Structural robustness 
The Building Code of Australia provides explicit guidelines in regard to structural 
robustness in design. For example, structures must be capable of withstanding 
extreme expected events. Furthermore, structures must react to accidental 
unexpected actions with damage that is not disproportionate to the effect, and not 
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undergo progressive collapse [49]. The Code’s performance requirement specifies 
that a structure must be able to sustain local damage, with the structural system as a 
whole remaining stable, with ensuing damages not to propagate disproportionately to 
the original local damage [14]. 
A preliminary verification method for such requirement in a self-supporting modular 
construction is to assess if the structure remains stable upon removal of any 
supporting column in isolation. A self-supporting modular construction involves 
columns being spread on the perimeter of each module. This process entails the 
presence of many slender columns dispersed throughout the building. Thus, it is 
impossible to rule out the possibility of the failure of a column as a consequence of 
an unexpected local action. In general, self-supporting modular constructions differ in 
terms of inter-connectivity from conventional in-situ built steel frames [39]. This is 
even more the case for the envisioned system, which aims to eliminate restraints to 
thermal expansions in the case of fire. 
In a simplified approach that focuses on an internal module only, we regard that the 
removal of the columns translates into a force equal to the weight of the modules 
described above divided by the number of columns. In reference to the basic module 
described in Paragraph 2.5, “The outline of the self-supporting stackable unit”, Ausco 
modules of similar construction are expected to have a mass per square meter of 
100kg/m2, and are subject to a live load of 1.5kN/ m2. In the case of removal of one 
column, the force FColumn_Removal exerted will be 46kN.  
       _        =         _       ×         /        
where          _      is the number of stories above,         is the weight plus the 
live load of the module, and          is the number of columns per module, equal to 
8. 
In the case of the removal of an internal column, neglecting the presence of the 
ceiling frames and neglecting diaphragm actions means that the force is shared by 
the floor beams of the two units above, if the floor beam of the module above is 
bolted to the column of the module below at the connection plate. This is 
represented in Figure 2-54. The maximum bending moment is 
       _        =        _         ×     4        _      =          /          ×     4
where Span is the distance the floor beam bridges once the column is removed, 
conservatively regarded as simply supported between the two residual columns.    
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Figure 2-54: Removal of internal column. 
The maximum stress is calculated as 
     =        _         _    2 
with Ix-x the second moment of area of the floor beam around its section’s horizontal 
axis, and z the section depth. With the floor beam a 230 Parallel Flange Channel, the 
stress is 245 MPa. This is below the yield stress of structural steel, which we 
conservatively set at 250 MPa. In fact, the structural steel employed by Ausco is 
currently 350 MPa for SHS components, and 300 for PFC’s. If the floor beams of the 
units above are bolted to each columns of the unit below, the bending moment is 
independent of the number of modules stacked above (see Figure 2-55).  
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Figure 2-55: Floor beams sharing load due to internal column removal. 
In the case of the removal of a column at the module’s corner, as represented in 
Figure 2-56, neglecting the presence of the ceiling frames, the force is once again 
shared by the floor beams of the two units above, if the floor beam of the module 
above is bolted to the column of the module below at the connection plate. Given 
that the distance between all columns is equal, the maximum bending moment is 
       _        =        _         ×     2 ×         _      =          /          ×     2
where Span is the length of the cantilever beam. Given the columns are all at the 
same distance and the cantilever is half of the one corresponding to the case of the 
internal column removal, the values of bending moment and maximum stresses are 
exactly the same. 
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Figure 2-56: Floor beams sharing load due corner column removal. 
Modules themselves are inherently robust. This is a consequence of the need for 
them to independently be able to resist transport-related solicitations (lift via forklift 
and crane). Even neglecting diaphragm effects and the ceiling frame, the floor 
beams are assessed to be able to resist the removal of a column. A more detailed 
analysis is needed to address how the loads are transferred from the short 230 PFC. 
The presence of unspecified connections between the adjacent modules’ floors is 
assumed in this preliminary analysis, as shown in blue in Figure 2-56. Also, for 
damages of a greater magnitude, the literature recommends that horizontal tying 
forces be taken as one third of the total load applied to a module [34]. Hence, once 
the system of connection that allows for thermal expansion of the modules is 
devised, more specific analysis is to be conducted to assess if such connection is 
sufficient to guarantee robustness of the system. 
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Chapter Three 
Modular vertical fire partitions and development of a hybrid 
lightweight steel-plasterboard and timber fire-rated wall 
3.1 Outline and objectives 
The objective of this chapter is to provide a solution that is suited to modular 
construction for a vertical fire wall. The intent is to block the spread of fire and smoke 
for an assigned time between units that are side by side to one another, as in Figure 
3-1. 
Figure 3-1: Diagram of intertenancy fire-rated partition capable of blocking the spread of fire and smoke between units 
that are side by side.
Vertical intertenancy partitions are of particular relevance to townhouses. The 
construction of townhouses is intrinsically well-matched to modular construction, 
given that complexes are often the assembly of repeated identical units. 
Intertenancy wall systems, though, provide specific challenges for modular, as 
highlighted in the solutions in the patent by Paneni et al. [1]. In the Australian 
framework, a townhouse is categorised as a Class 1a building, in accordance with 
the National Construction Code. Specifically, the code defines Class 1a buildings as 
two or more attached dwellings separated by a fire-resisting wall, including a row 
house, terrace house, town house or villa unit [14]. A solution devised for a Class 1a 
building would be applicable also for vertical walls between or bounding sole 
occupancy units in class 2 or 3 buildings of type C construction in a side by side 
configuration, given the analogue mandated fire ratings and detailing. 
The National Construction Code defines Class 2 buildings as containing 2 or more 
sole-occupancy units. The Code defines Class 3 buildings as residential buildings 
that constitute a common place of residence for unrelated persons. These buildings 
include boarding houses, hostels, residential parts of a hotel or school, and 
accommodation for the aged [14] .If the Class 2 or 3 building is suited to Type C 
concession (maximum of two stories and direct access to road or two exits), then the 
fire rating of such vertical partition is the same than that for Class 1a buildings. This 
is in virtue of the fact that the intent of the code is for the partition to be capable of 
blocking the spread of smoke and fire to the neighbouring sole occupancy unit/s for a 
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conventionally set amount of time, which is established to 60 minutes for the above-
mentioned classes. 
The code mandates that separating walls in Class 1a buildings be fire-rated to not 
less than 60/60/60 to structural, integrity and insulation. In terms of specific details, 
they must commence at the footings or ground slab and extend to a non-combustible 
roof covering; the separation should extend to above a combustible roof covering. 
With a steel-framed modular construction, the combustible roof covering is not 
utilised. The same requirements apply for Type C concession Class 2 and 3 
buildings that are situated side by side; each unit must be a maximum of two storeys 
for the concessions to apply. Class 2 buildings of the typology described would 
potentially all fall into Class1a or 3, depending on occupancy type.  
For the buildings described above, the National Construction Code does not require 
internal elements to be structurally rated, even if they are loadbearing. The 
construction code aims to prevent fire and smoke from spreading through the 
boundary of the neighbouring units, and not to protect the location where the fire 
develops. The only element that needs to be structurally rated is the firewall itself, 
regardless of what unit it belongs to, as it needs to be adequate to resist during the 
fire to the loads it needs to bear, such as ceilings and roofs. In the context of the 
code, structures are assessed in isolation and structural adequacy is defined as 
resistance to vertical loads only.  
As described in the previous sections, this approach is a simplified and potentially 
unsatisfactory one, as it does not cater for the interactions between the 
interconnected elements in the structure during the fire [50], [51]. In the context of 
this exploratory work, as within the context of the code, structural adequacy is not 
fully resolved, as the scope is that to locate potential solutions that will require further 
studies in order to be fully assessed in terms of real performance -and not only in 
isolation. The small scale and lightweight nature of the structures assessed, though, 
renders this approach less problematic. Structural assessment of the various 
proposed solutions has the potential to be the object of future studies. Some of these 
structures might be mainly comprised of thin lightweight steel only, with hot rolled 
thick sections confined to the base frame: this might lead to an approach that differs 
slightly from that of Chapter 2.  
More specifically, in contrast to the multi-storey modules addressed in Chapter 2, 
given the small scale, modules would not need to be significantly interconnected in 
principle to resist wind. Nor would these modules be necessary to do this for 
robustness, as sole occupancy units are not located one on top of the other, but side 
by side. Thus, with a gap still present to deal with acoustic requirements and in order 
to deal with tolerances, the structural problem is as easily tractable as in section 
2.6.3. According to the code, the fact that the structural resistance of the unit in fire 
must not be rated makes the structural problem only pertinent to the wall. Obligations 
to the fire brigade appear not to be catered for by the code, perhaps due to the small 
scale. This could also be due to the fact that small lightweight structures are unlikely 
to catastrophically collapse, given the limited weight, if not late into the phases of the 
fire, when the access of personnel is impossible. 
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3.2 Research problems 
The development of partitions intended to abide to the intent of the code lends 
challenges for in-situ construction, with solutions that have been deemed to satisfy 
being found to be not necessarily adequate. Such challenges are often even more 
problematic in the case for modular construction, given the presence of gaps, 
inaccessible joints between modules, and non-continuous construction, with rated 
elements often dislocated in more modules. Additionally, and as specified in section 
1.2, generic building assemblies are not necessarily suited for transport or to be 
dislocated in different modules, or are simply incompatible with modular construction 
times. 
The main elements to contend with are assessed in the subsections that follow. 
3.2.1 Lack of access to joints  
In different fashion from in-situ built processes, buildings are prefabricated off-site 
and are assembled together onsite. This intrinsically creates a problem, in that the 
joints between modules are not easily accessed. As in Figure 3-2 , a modular-
friendly solution would involve a modular partition that is dislocated in the two 
modules, at their periphery, so that both walls together contribute to fire resistance. 
Ideally, gaps would be minimised, so as to avoid loss of real estate. Acoustic and 
dimensional tolerance reasons are the main factors to preserve some gap at all. A 
minimal gap would suffice if space to allow for thermal expansion were to be deemed 
to be beneficial in terms of structural fire resistance. 
If a sole occupancy unit is comprised of more modules placed side by side (Figure 
3-3), or if modules are placed one on top of the other to create a two storey 
townhouse (Figure 3-4), then joints in the fire wall would be difficult to access. The 
joints could be impossible to access from within the unit itself, as a joint could be 
located in correspondence with a ceiling lining, in line with structural elements, or 
behind pre-constructed internal partitions, fittings or the like. The joints could also be 
difficult to be accessed from the inter modular gap, as the gap is limited.  
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Figure 3-2: Installation of modules. Gaps between modules are minimised to maximise real estate, with consequent loss 
of access to the partition from within the gap. 
Figure 3-3: Plan view representing the problematic access to joints through gaps in units comprised of more modules. 
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Figure 3-4: Side view representing the problematic access to joints through gaps in two-storey units.  
3.2.2 Extension in height and extensive inter-modular cavities 
In regard to the extension in height of the partition, the code does not require 
intertenancy partitions to extend further to beneath the roof sheet, if it is non-
combustible. If the aim is that of developing a partition that meets the intent of the 
code, interrupting at the roof covering is potentially inadequate. This is true for in-situ 
built structures, but it is even more evident for modular. Stopping at the roof covering 
can allow for conduction between a sole occupancy unit on fire and its neighbour to 
occur via the roof. This aspect is not exclusive to modular construction. 
Furthermore, the details of the joints between the roof sheet and the wall are 
conducive to the potential of smoke spread. A standard code compliant solution is 
represented in a section view in Figure 3-5. 
Figure 3-5: Code compliant solution with fire wall interrupting at non-combustible roof sheets. Glass wool is employed 
to fill the gaps between the roof sheets and the partition. 
In the case of modular, with partitions likely dislocated into two modules, the fire 
separation hosts cavities that might extend to multiple modules, making the scenario 
less tractable. The roof sheet conduction problem and the potential of smoke spread 
through interstitial cavities are represented in Figure 3-6 
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Figure 3-6: Conduction through roof and possibility of spread of smoke in cavities in a code-compliant modular system. 
This is suboptimal for in-situ built constructions, and is potentially even more 
problematic in the case of modular construction, given the presence of gaps that are 
likely to be within with rated elements dislocated in more modules. Such gaps are 
potentially interconnected, as is the case when the sole occupancy units are situated 
side by side (see Figure 3-7). 
Figure 3-7: Potential extension of inter-modular cavities within the fire walls in multiple single-storey modular 
townhouses. 
Once the modules are delivered with a crane, access through the gaps is not 
available. In order to fill the gap manually, provisions need to be made to halt the 
crane delivery of the fourth and last module at a corner between four. Following this 
step, access becomes available, at the expense of crane time; and still only two 
gaps out of four can be sealed, as per Figure 3-8.
Alternatively, there is the need to devise specific systems to automatically seal a 
gap. Such systems are challenging, as can be seen in the patent by Paneni et al. [1], 
as they need to be robust enough to survive the delivery process. Once the modules 
have been installed, they can be difficult to access and inspect. If inspection is even 
possible, rectification can be impossible without removing the whole module, 
rendering the whole process expensive and time-consuming. 
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Figure 3-8: Access to two gaps out of four before the delivery of the last corner module. 
These challenges help extend the partition further to the roof covering, which is in 
excess of the prescriptive solutions of the code and of the performance of in-situ built 
similar structures. The extension of the partition is, however, in line with the intent of 
the code, particularly once it has been applied to the modular structure. The benefits 
are schematically represented below in Figure 3-9. 
Figure 3-9: Benefits of extending the fire-rated wall above the roof covering in terms of impeding conduction to the 
neighbouring unit’s roof, and spread of smoke to inter-modular cavities. 
3.2.3 Continuity from the ground level 
A significant challenge that is specific to the modular industry is creating a partition 
that is continuous from the ground level. As plasterboard sheets constitute the 
internal linings of most buildings, the first and most intuitive solution is to utilise this 
lining to comprise the fire-rated partition. 
The solution patented by Paneni et al.  [1] departs from this configuration, with 
obvious benefits and some duplication of materials as a downside. This solution will 
be discussed in the specific solutions subsection. As shown in Figure 3-10, it is not 
feasible to have chassis “cut” in order to allow the plasterboard to go through the 
floor joists and the chassis. Such a discontinuity in the structure would render the 
module unsuitable for transport. The chassis supports the weight of the walls and the 
tributary loads from the roof and the ceiling structure. 
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Figure 3-10: Impossibility to have an internal lining uninterruptedly traversing the chassis and floor joists
In order to circumvent the problem, a potential solution would be to partially 
compartmentalise the module by adequately fire rating the floor and wall, and to 
mandate that no combustible material be hosted under the floor cavity, as per Figure 
3-11. This figure shows a schematic representation for two modules, each hosting 
two separate sole occupancy units. The sketch highlights fire-rated elements only for 
the unit on fire. The same fire ratings are, however, necessary for the neighbouring 
module/unit. 
Figure 3-11: Partial compartmentation.
A challenge in this direction which is related to the Australian regulation is that the 
letter of the code has required only for floors to be tested with fire acting from the 
underside. 
Whilst the code intends to prevent fire from spreading to all adjoining compartments, 
Australian Standard AS 1530.4:2014 specifies that the test is to be conducted with 
samples exposed to fire from below [17]. As conventional construction most often 
utilises concrete floors, neglecting the spread of fire from above to below has been 
potentially a less important issue. We can speculate that the standard was not 
written with lightweight modular construction in mind.  
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The modular industry, however, is by nature predisposed to utilise lightweight floor 
construction. The outcome of this predicament is that only three major suppliers of 
lightweight flooring systems explicitly address the issue and assess their product in 
terms of fire spread from the compartment above [52], [53],[54]. In Australia, the 
availability of market ready solutions is limited. A flooring system specifically 
designed to resist stresses in transport and hence suited to modular is presented in 
the patent “Floor for a modular building”, proprietary to Ausco Modular [55]. 
Importantly, the National Construction Code requires that partitions must commence 
from the ground, and utilising the floor as is an alternative performance-based 
solution to be approved by fire engineering assessment. 
3.2.4 Continuity through the ceiling ring 
One last significant challenge for the modular industry involves creating a partition 
that is continuous through the ceiling ring. In similar fashion to section 3.2.3, the fire 
rating board should ideally be internal to the module, so as to take advantage of the 
internal lining, which is going to be present irrespective of fire ratings. Again, the 
solution patented by Paneni et al. [1] departs from this configuration, as per section 
3.2.3. 
As shown in Figure 3-12, the chassis would need to be interrupted in order to allow 
the plasterboard to go through the ceiling ring and the ceiling frame. Whilst 
technically feasible, and not as critical as a discontinuity in the floor chassis (which 
must support the weight of the whole wall and its tributaries), such a discontinuity 
would (as per Figure 3-13) be unstable in transport. At best, the vibrations of the 
ceiling ring under its own weight in transport have the potential to damage the lining 
of the fire wall. The eventual damage to the lining would be concealed by the ceiling, 
rendering such a solution even more problematic. The nature of such joint is such 
that it would be impossible to add an additional protection, such as a layer of 
intumescent mastic. In the worst-case scenario, though, if the plasterboard were to 
pulverise in this joint due to the ceiling movements described above, the steel 
structure’s cohesiveness would rely on a loose screw connection only for its 
contiguity. 
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Figure 3-12: Impracticality of having an internal lining uninterruptedly traversing the ceiling frame. 
Figure 3-13: Displacement of ceiling frame in transport. This can cause a non-visible damage to the lining, resulting in a 
discontinuous steel structure relying on a loose screw connection. 
3.3 Proposed solutions 
In the following sections, a set of modular solutions for fire-rated walls is proposed. 
Most of these solutions are tailored arrangements of tested assemblies, originally 
combined in a fashion to suit modular construction. As stated in section 3, this 
approach has limitations. For example, the code mandates requirements for systems 
in isolation, or with vertical loads only. These requirements are not representative of 
the loads and deformations associated to interconnected elements in a real fire. 
Such suboptimal requirements are paralleled by the customary testing apparatus of 
the furnace, which is mainly limited to vertical loads only. 
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In this exploratory work, the real behaviour of interconnected element in the fire is 
unresolved. Such behaviour could be explored in future studies. However, the small 
scale of the buildings to which such a solution applies renders the issue less 
dissatisfactory than for the multi-storey construction that was assessed in Chapter 2. 
The fact that some of these structures might include hot rolled sections of significant 
thickness only in the chassis might lead to a slightly different approach than the one 
provided in Chapter 2. This is, however, beyond scope of this project. 
3.3.1 Fire-rated lining on external side of wall and automatic sealing joint  
The system patented by Paneni et al [1] departs from the intuitive solution to employ 
the internal lining as part of the fire wall. Figure 3-14 shows a possible application of 
the patent, with fire separation ending at the non-combustible roof sheet. As 
explained in section 3.2.2, this is code-compliant. 
Figure 3-14: System patented in  [1] with partition ending at non-combustible roof sheet. 
However, due to the above-mentioned concerns regarding the conduction through 
roof sheeting and of spread of smoke in inter-modular cavities, the proposed solution 
is modified with an extension of the barrier above the roof sheet (see Figure 3-15). 
This modification is analogous to the construction code-mandated solution for 
combustible roof sheeting. 
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Figure 3-15: System patented in  [1] with partition extending above the non-combustible roof sheet. 
The patent relies on two separate walls, hosted on two separate modules, with lining 
on the outer side of each module. The wall in the unit on fire is deemed to be 
sacrificial, and its contribution to contain the fire is neglected. As shown below, the 
containment of the fire is assumed to be dealt with by the partition hosted in the 
neighbouring module to the one on fire, as shown in Figure 3-16. Such a partition on 
its own will need to provide the fire rating mandated by the code (i.e. 60/60/60 if it is 
a townhouse). 
Figure 3-16 : Reliance to contain the fire on the externally lined partition encompassed in the neighbouring module to 
the one on fire.
Given no access is available to seal joints, as the module is delivered preassembled  
(as explained in section 3.2.1), the gaps are sealed automatically by fitting the 
modules in the factory with products such as Promaseal IBS [56]. This is shown in 
Figure 3-17. 
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Figure 3-17: Automatically sealed joints via products analogue to Promaseal IBS 
Not computing the internal linings as part of the fire-rated partition is conservative, 
but entails duplication of materials, and this duplication is a downside. The benefit to 
not computing these linings is, though, that in particular projects that involve the 
delivery of townhouses in different stages and from different contractors, a unit built 
in this fashion is intrinsically protected by fire, regardless of the nature of the 
neighbouring unit.  
The system is the assemblage of elements that are assessed as adequate via 
traditional furnace testing. The assessment of such a system in conventional fashion 
is (as explained in the previous sections) intrinsically limited by the nature of the 
code and furnace test approach. The “acting” partition is not isolated in the fire, as it 
is connected to the module it is protecting. Also, loads are not necessarily vertical, as 
the code expects. The simple construction type of the modules and their limited 
dimensions renders these items less problematic to assess. The interactions of the 
“acting” partition with the unit on fire offers other items to further assess.  
On one hand, the gap between the modules decouples the acting partition from the 
thermal expansion of the neighbouring module. This is beneficial in that it makes the 
problem easily tractable. On the other hand, though, the unit on fire could collapse 
during the fire and damage the acting partition, even if the separation between the 
modules is total, albeit not at the periphery. The first means to exclude this possibility 
(the unit on fire damaging the neighbour) involves ascertaining whether the framing 
of the unit on fire does holds up during the fire. A second approach involves 
designing the connections at the periphery to fail in the fire, or simply not to be 
strong enough to damage the acting partition where the unit on fire fails. This 
approach (which is illustrated in Figure 3-18) is more general, but relies on the fact 
that the possible unaddressed breakdown of the unit on fire does not impact 
significantly on the acting partition. Again, while not fully resolved, it is reasonable to 
assume that an eventual breakdown will not impact the acting partition for such 
simple, lightweight and effectively detached structures. 
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Figure 3-18: Eventual failure of module on fire not effecting, in principle, the neighbouring “acting” fire wall. 
3.3.2 Interconnected alarms without passive protection 
The solution presented in Figure 3-19 is suited to Class 3 buildings, which constitute 
the residential part of a health-care facility for the use of staff. This solution differs 
from all others presented in this thesis, as it trades off basic passive fire protection 
for an interconnected detection and alarm system. By forfeiting the passive fire 
protection, this solution relinquishes the code requirement to stop the spread of fire 
between the sole occupancy units. In other words, the assumption is that fire 
spreading to different sole occupancy units is not —in terms of fire spread to 
neighbouring buildings—worse than a fire contained in one unit. The proximity to 
other buildings and the number of adjacent units are factors to be assessed on a 
case-by-case basis by a fire engineer. 
In exchange for this loss, the system offers a feature in excess of the building code.  
This feature involves interconnected detection and alarm systems, which guarantee 
a prompt evacuation, with a consequent diminished risk of life loss. In other words, 
the spread of fire to more than one module is a trade-off for the fact that all 
occupants in neighbouring units to that where the alarm is triggered, are alerted to 
evacuate. This solution is especially appropriate for personnel who are adequately 
trained and prepared for action. This is particularly suited to Class 3 buildings, which 
constitute the residential part of a health-care facility. In these buildings, it is 
expected that the staff will be on call, and hence help residents evacuate at any time 
of the day or night. These staff members will also be familiar with the evacuation 
procedures. These factors reduce the pre-movement time, as situation awareness 
can facilitate prompt decision-making in an emergency [57][58]. 
The size of the construction might dictate whether the solution is acceptable. For 
example, a building of considerable size on fire might constitute an unacceptable 
risk, as “the larger the fire, the greater its destructive potential” [21]. Also, the 
proximity of neighbouring buildings will be a relevant factor. These considerations 
are to be conducted on a case-by-case basis, and perhaps preliminary consultation 
with the fire brigade is advisable. 
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Figure 3-19: Representation of sole occupancy units without passive protection, with interconnected alarms.  
3.3.3 Compartmentation solution 
Rather than a vertical wall, the solution employs compartmentation to stop fire and 
smoke. In an example such as was provided in Figure 3-20, the walls that do not 
separate the unit from the neighbouring ones are not rated. The assumption is that 
the ceiling is enough to block smoke and fire from entering the cavity from the non-
rated walls. Potentially, though, the non-rated walls could fail, carrying the “acting” 
partition and ceiling with them. Also, smoke might be able to enter the ceiling cavities 
from the non-adjacent walls. Thus, a system of this kind would (given the limited 
nature of this study) entail that all walls should be rated (for example, in Figure 3-21). 
This requirement would imply associated expenses. It could be argued that the rating 
could be limited to only structural adequacy and integrity, but this refinement is even 
more outside the scope of this thesis. 
As a sidenote, each wall in the module should be rated to 60 minutes on its own 
(without factoring the contribution of the walls in the neighbouring module). If this 
were not the case, smoke could enter the inter-modular cavities from one unit. This 
would add unknowns in regard to the possible effects of spread of smoke and fire in 
the cavities, and appears to be in contrast with the very notion of compartmentation. 
Also, the ceiling is deemed adequate by the code if it can guarantee resistance to 
the incipient spread of fire to 60 minutes to [17] .Thus, once again, the approach is 
limited by the code and furnace assessment in terms of evaluating items in isolation, 
with vertical only loads included. 
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Figure 3-20: Example of compartmentalisation to wall, ceiling and floor to prevent the spread of fire to the neighbouring 
unit.  
Figure 3-21 Example of compartmentalisation, including all loadbearing walls, to unambiguously comply to the code’s 
structural requirement. 
The issues regarding fire rating the floor (which are addressed in section 3.2.3) still 
hold. Again, in order to deal with the large and interconnected cavities intrinsic to 
modular construction, cavity barriers with a combination of plasterboard and glass 
wool batts, for example, are suggested for the ceiling. 
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3.3.4 Module with longitudinal ceiling beams not connected to the fire wall with fire-rated 
floor 
This system has elements in common with the compartmentation solution described 
above. For example, the system employs a structurally rated flooring to contain the 
fire from spreading to the neighbouring unit from below. Again, this requires that no 
combustible material be positioned underneath the building. As explained earlier, this 
combination is to circumvent the difficulties associated with creating a continuous 
modular partition that commences from the ground.   
In order to avoid the discontinuous construction highlighted in Figure 3-13, the ceiling 
beams run parallel to the fire-rated partition. This is shown in Figure 3-22. 
Figure 3-22: Schematic representation of a module with longitudinal ceiling beams not connected to the fire wall with 
fire-rated floor. 
For such a solution to be competitive, the span of the ceiling beam must be limited. 
Thus, this solution would only be suited for modules with numerous internal 
partitions, such as in the section displayed in Figure 3-23. 
96 
Figure 3-23: Module with longitudinal ceiling beams not connected to the fire wall, and with fire-rated floor. The non-
fire-rated ceiling lining is not displayed for clarity. 
Cornices to rated wall are to be installed on site, so to avoid the movement of the 
ceiling in transport to damage the lining of the fire-rated wall. This means that such a 
solution would be unsuitable for buildings that must be relocated. Alternatively, 
temporary transit bracing could support the ceiling, so to avoid relative movement in 
transport. Adhesives with permanent elasticity have the potential to resist the 
deformations in transport without transferring strains to the rated partition. Thus, they 
are proposed in principle as a means by which to connect the cornice to the ceiling 
and wall (see Figure 3-24). The adequacy of such a fixing method to resist in 
transport is to be verified by trial, and its suitability can be contingent to the specific 
construction details of the module. These details include the weight of the ceiling and 
the length of the span between internal partitions. 
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Figure 3-24: Cornice fixing via flexible adhesive (in purple) as a potential solution to be able to complete the finishing 
details in the factory. 
To give continuity to the steel structures, connections between the fire-rated wall and 
the external side walls at the periphery are recommended at the nogs and ceiling 
frame (see Figure 3-25). Otherwise, the only connection between the ceiling and the 
longitudinal fire-rated wall is at the vertical walls, with plasterboard packed in 
between.
Figure 3-25: Peripheral connections at nogs and ceiling frame between rated partitions and external walls. 
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3.3.5 Novel hybrid system with exposed timber and lightweight steel frame plus 
plasterboard 
The last system to be described in this thesis deviates from the previous ones, in 
that it is original and not wholly comprised of pre-tested solutions. This system 
consists of a hybrid partition of lightweight steel structures lined with plasterboard, 
adjoined to a partially exposed/unprotected hardwood or cross laminated timber. The 
solution is (to the best of this writer’s knowledge) wholly original in the modular 
industry. A representation of the system can be seen in Figure 3-26: each half of 
partition protects the neighbouring unit from a fire occurring in the module where the 
half-partition is hosted. 
As per the compartmentation solution described in section 3.3.3, the system would 
be more straightforward to assess if each half of the partition were rated to 60 
minutes on its own (without factoring the contribution of the walls in the neighbouring 
module). If this were not the case, smoke could enter the inter-modular cavities from 
one unit, with potential effects that would require a case-by-case assessment. This 
would render the solution less straight forward and less wide ranging to apply. 
Importantly, penetration in the cavity is less of a concern than in the 
compartmentation solution, as there is no avenue for hot gasses to spread 
underneath the building, given that a concrete foot strip is present.  
Also, protruding glass wool could fill the cavity, if a maximum distance between the 
partitions of 20-30mm were imposed (this would be impractical in the “Fire-rated 
lining on external side of wall and automatic sealing joint” solution). This could be 
achieved simply by adopting 90mm thick glass wool batts in the 75mm studs, for 
example. A steel net on the back of studs is proposed to contain insulation during 
transport. Such a gap would be sufficient to deal with tolerance creep and difficulties 
associated with finishing issues. This is in line with a robust installation methodology 
at the core of our intentions. Also, such a gap would still be sufficient to 
accommodate the thermal expansions in case of fire. This would mean that a module 
could expand as if in isolation from its neighbour, with associated benefits that are 
described throughout this thesis.  
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Figure 3-26: representation of the hybrid lightweight steel and plasterboard plus exposed timber.  
Again, such a solution would provide a continuous partition (amenable to a 
straightforward certification process) that though does not compromise the 
cohesiveness of the modules during transport, by avoiding the detail displayed in 
Figure 3-13.
This exploratory study has limitations. For example, the study excludes structural fire 
resistance. This preliminary testing is conducted without the expected maximum 
weight that we envision will come from the roof/ceiling. In reality, the roof load would 
change and not be vertical anyhow during the fire, potentially as per the example 
represented in Figure 3-27. Depending on the specific construction detail, the ceiling 
in theory has the potential to push the walls outwards in the initial phase of the fire, 
and then pull them inwards, when its section’s Young’s Modulus decreases enough 
for it to bow under its own weight. 
Keeping the modules spaced apart and connected at the periphery only (which is in 
line with the solutions proposed for the medium rise construction) could render the 
problem easily tractable. Given the light nature of the elements that would comprise 
a module of this kind, it is unlikely that the partition will collapse during a fire. 
However, the capability of the partition to resist the thermal effects and the 
associated interactions with the neighbouring elements is a topic that is worthy of 
consideration. Such a consideration is beyond the scope of this project. Given the 
innovative nature of the system, this study offers a solution that is limited to just one 
storey. 
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Figure 3-27: Schematic representation of ceiling pulling the walls inwards, when its section’s Young’s Modulus decreases 
enough for it to bow under its own weight.
3.4 Experimental exploratory assessment of the novel hybrid system 
Given the original nature of the system, a preliminary assessment is conducted in a 
furnace, to assess the joint, without loads applied. The assessment was conducted 
at Resolute Testing Laboratories; the furnace employed was located in Lawnton 
Queensland. Testing was conducted with the sample in vertical orientation, in 
accordance with AS1530 Part 4 [17]. 
3.4.1 Test sample 
The partition’s details are displayed in Figure 3-28, which shows the specific sample 
tested in the furnace. Three dimensional vies are offered in Figure 3-29 and Figure 
3-30. 
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Figure 3-28: Sample for furnace testing. 
Figure 3-29: Three dimensional view of the back of the sample, without insulation batts installed. 
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Figure 3-30: Three dimensional view of the front of the sample. 
The notches in the sample are present in order for the sample to fit in the specific 
furnace employed, which has an internal opening of 1650mm x 1650mm (see Figure 
3-31). The uncovered steel frame served the purpose of handling the sample with a 
crane, to place it into position. 
Figure 3-31: Furnace opening with diagram of partition placement. 
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Intumescent mastic is used to cover the horizontal faces of the timber, commencing 
from the edge of the plasterboard, so as to more easily compare the wood charring 
rates with existing literature [59], [60]. The front is intended, in service, to be 
connected to the ceiling ring and the chassis. This should improve the protection of 
the element. The direct connection with steel plates and the fixings would, however, 
compromise any coating applied. Electing to test the exposed surface is both in line 
with the intentions of the connection, and also conservative in nature. The horizontal 
elements, though, do not need to not be in contact with anything. Hence, it has been 
decided to coat them with intumescent mastic, with the added benefit described 
above. 
The timber employed is a 150 x 75 mm F14 sawn Queensland grown Eucalyptus 
pilularis unseasoned structural hardwood, with air dry density nominally at 930 kg/m3 
at 12% moisture content. Wood moisture content was measured prior to the test at 
21% at 30mm depth, using an electric resistance moisture meter with a sliding 
hammer electrode.  
The lining consists of two layers of 16mm thick Boral Firestop plasterboard, and is 
installed as per system S060.1 of [61]. The system is rated at a fire resistance level 
of 60/60/60 from the lined side. The construction tested differs from the one offered 
from Boral as follows: the joints in the plasterboard, displayed in Figure 3-32 were 
filled with intumescent sealant before being taped, set and flushed. In lieu of the 
manufacturer’s recommended daubs of adhesive, the plasterboard was continuously 
glued with silicone to the steel stud. Both changes are meant to render the partition 
more amenable to transport. As can be seen in Figure 3-33, and as is explained in 
section 3.3.5, 90mm thick glass wool batts were employed as a possible means to fill 
the cavity. The frame employs 76 x 40.5 x 0.75mm thick hot-dipped zinc/aluminium 
alloy-coated structural cold rolled steel sections, proprietary of supplier of Ausco 
Modular. 
As specified in section 3.3.5, while the combination of the two partitions should 
considered in the fire rating, we elect to test one partition on its own. In doing this, 
we aim to gather information on whether the timber and the timber/plasterboard 
timber/IBS joint are able to stop the spread of flame and gasses in the intermodular 
cavity. We also aim to assess how much the backside of the timber heats up. 
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Figure 3-32: Picture of the front of the sample, with visible tape-set and flush joints in plasterboard. 
Figure 3-33: Picture of the back of the sample, with visible protruding 90mm thick glasswool insulation batts. 
The sample mounted on the furnace is shown in Figure 3-34. 
Figure 3-34: Sample mounted on the furnace. 
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Figure 3-35 shows the location of the thermocouples, indicated as explained below: 
 Thermocouples 1 to 5 have been surface-mounted on the mineral wool. 
 Thermocouples 6 to 11 have been surface-mounted on the joints between the 
timber and the nogging, at the upper timber element. 
 Thermocouples 12 to 14 have been surface-mounted on the joints between 
the timber and the nogging, at the lower timber element. 
 Thermocouples 15, 16, 17 and 18 have been embedded in the upper timber 
element, respectively at 10mm, 60mm, 90mm and 120mm from the exposed 
face. 
 Thermocouples 19 and 20 have been surface-mounted at the timber to timber 
joints at the upper and lower timber element, respectively. 
Figure 3-35: Location of thermocouples (TC).  
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3.4.2 Results 
Testing was conducted as per AS1530.4 [17] . The half partition lasted for one hour 
and thirty minutes to the standard. Figure 3-36 and Figure 3-37 show the front of top 
and bottom timber elements from within the furnace after more than one hour of 
testing. 
Figure 3-36: View of the front of the top timber element 69 minutes into the test. 
Figure 3-37: View of the front of the bottom timber element 69 minutes into the test. 
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The plasterboard was what caused the failure, as thermocouple number 3 (which 
was surface mounted on the glass wool) exceeded the maximum allowable 
temperature of 205˚C set by the standard [17]. Figure 3-38 shows the back of the 
sample at 1 hour and a half into the test. The innovative joint (which is what we were 
interested in) complied for in excess of two hours. Failure occurred at thermocouple 
number 6, which was surface mounted at the timber to nogging joint, exceeded the 
maximum allowable temperature of 205˚C set by the standard [17]. The test was 
interrupted when the plasterboard appeared to be too close to collapse for safety. 
Figure 3-39 shows the back of the sample before the test was interrupted. 
Figure 3-38: View of the back of the sample at 1 hour and a half into the test 
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Figure 3-39: View of the back of the sample before test was interrupted. 
Figure 3-40 and Figure 3-41 show the front and the back of the sample removed from the furnace 
and placed in secure location, approximately 15 minutes after the interruption of the test. 
Figure 3-40: View of the front of the sample approximately 15 minutes after the interruption of the test. 
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Figure 3-41: View of the front of the sample approximately 15 minutes after the interruption of the test. 
Figure 3-42 below shows the standard fire curve [17] [62], together with the average 
and maximum temperatures recorded in the furnace. 
Figure 3-42: Standard fire curve with average and maximum temperatures recorded in the furnace. 
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Figure 3-43 shows the temperatures of the thermocouples mounted on the surface of 
the glass wool, with thermocouple 3 the first to exceed the maximum allowable 
temperature of 205˚C at 92 minutes. 
Figure 3-43: Temperatures of the thermocouples mounted on the surface of the glass wool. 
Figure 3-44 shows the time-temperature profiles of the thermocouples mounted on 
the surface of the joints between the timber and the nogging at the upper timber 
element, with thermocouple 6 the first to exceed the maximum allowable 
temperature of 205˚C at 128 minutes. 
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Figure 3-44: Time-temperature profiles of the thermocouples mounted on the surface of the joints between the timber 
and the nogging at the upper timber element. 
Figure 3-45 shows the time-temperature profiles of the thermocouples mounted on 
the surface of the joints between the timber and the nogging at the lower timber 
element. All thermocouples are below the maximum allowable temperature of 205˚C 
throughout the test. 
Figure 3-45: Time-temperature profiles of the thermocouples mounted on the surface of the joints between the timber 
and the nogging at the lower timber element. 
Figure 3-46 shows the time-temperature profiles of the thermocouples embedded 
inside the upper timber element. Only the thermocouples TC15 (at 10mm depth) and 
thermocouple TC 16 (at 60mm depth) reach the nominal 300˚C charring isothermal 
[21]: TC15 at about 33minutes, and TC16 after 132 minutes. This suggests that the 
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steel sections retain full support from the timber elements after two hours. 
Furthermore, pending further testing that is beyond the scope of this work, it is 
reasonable to hypothesise that if the ceiling fixings were embedded to 50mm depth, 
they would still be embedded on a section of the timber with intact loadbearing 
capacity. Hence, these fixings could potentially still be capable of sustaining the 
ceiling for one, possibly two hours. As explained previously, this is an exploratory 
test, the aim of which is just to investigate such an innovative solution, and the 
results appear to confirm its potential. Notwithstanding the limitation of the furnace 
testing and of the standard temperature curve, such remarkably successful results 
suggest the worthiness of undertaking structural studies of the structure in the future. 
Such studies should include the thermal interactions with the neighbouring elements, 
as per the first part of this work. 
Figure 3-46: Time-temperature profiles of the thermocouples embedded inside the upper timber element. 
The sample was removed from the furnace and not extinguished. Rather, it was left 
isolated in the lab and inspected six days after the test. The sample self-extinguished 
within the six days. The partition was disassembled in order to inspect the two timber 
elements. Figure 3-47 shows the top face of the upper timber element, after the 
removal of the upper steel frame. The upper timber beam was cut and sectioned at 
190mm from the timber to timber joint, which visually appeared as the section that 
was more affected by charring. The cut was taken at this distance because further 
away from the joint, the charring appeared uniform. Figure 3-48 illustrates the timber 
element section at 190 mm from the timber to timber joint. Figure 3-49 illustrates the 
timber element in the timber to timber joint. The intumescent sealant appears to be 
still bonded to the surface. There are vertical and horizontal dimensions of the area 
that visually appear to have not charred. 
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Figure 3-47: View of top face of the upper timber element, after the removal of the upper steel frame. 
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Figure 3-48: Section of upper timber element at 190 mm from the timber to timber joint. Indicative dimensions of the 
area visually unaffected by the charring are displayed. 
Figure 3-49: Section of upper timber element at the timber to timber joint. Indicative dimensions of the area visually 
unaffected by the charring are displayed. 
Figure 3-50 shows the top face of the lower timber element placed upside down. 
Promat IBS was still in place but was pulverised at contact. As per the upper timber 
element, the lower timber beam was cut and sectioned at 190mm from the timber to 
timber joint, which visually appeared as the section that was more affected by 
charring. As per the upper beam, the cut was taken at such distance, as further away 
from the joint, the charring appeared uniform. 
Figure 3-51 illustrates the timber element section at 190 mm from the timber to 
timber joint, laid upside down. Figure 3-52 illustrates the timber element at the timber 
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to timber joint, laid upside-down. The intumescent sealant appears to remain only on 
the back surface, as the timber has almost charred throughout for a depth of roughly 
25mm from the bottom face. Indicative vertical and horizontal dimensions of the area 
that visually appear as not to have charred are displayed. 
Figure 3-50: View of the bottom face of the lower timber element, turned upside down. 
Figure 3-51: Section of lower timber element at 190 mm from timber to timber joint, laid upside down. Indicative 
dimensions of area visually unaffected by charring are displayed. 
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Figure 3-52: Section of lower timber element at the timber to timber joint, laid upside down. Indicative dimensions of 
the area visually unaffected by the charring are displayed. 
Upon inspection, charring appears not to have affected the timber enough for the 
partition not to be cohesive. The steel and timber frame was tightly connected and 
capable of supporting its own weight, in spite of an exposure to fire that is far in 
excess of the mandated duration.  
3.4.3 Asymmetrical hybrid system with exposed timber and lightweight steel frame 
plus plasterboard 
The remarkable fire resistance performance of half of the hybrid system leads to 
proposing the solution displayed in Figure 3-53. The fire-resisting elements from both 
sides are hosted in one module, with clear construction benefits. In reference to the 
figure, adding two layers of plasterboard would only make the system even more 
highly rated than the tested system from fire originating in the module where the 
partition is hosted. In regard to the resistance to a fire originating from the 
neighbouring module, the system is at least as performant as the one proposed in 
USG Boral’s plasterboard systems guide [61]. This guarantees a minimum of one- 
hour fire rating.  
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Figure 3-53: Schematic representation of asymmetrical hybrid system with exposed timber and lightweight steel frame 
plus plasterboard. 
3.5 Summary and conclusions 
This chapter has provided a comprehensive assessment of the difficulties associated 
with the production of vertical fire walls in modular construction. Such difficulties 
stem from the peculiar characteristic and necessities of modular construction, which 
render conventional in-situ methodologies inadequate. The chapter has established 
that a performance-based approach is the means by which such incongruences of 
conventional solutions to modular can be identified. A set of modular-tailored 
solutions are offered for partitions that are intended to resist the spread of fire for one 
hour. One novel hybrid steel and plasterboard plus exposed timber is devised, with 
no known equivalent in the industry. An exploratory assessment of such innovative 
solution is conducted in a furnace, to assess innovative joints, without loads applied, 
and results exceed intended requirements.
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4  Chapter Four  
5 Conclusions 
This thesis described work aimed at developing effective performance-based fire 
safety solutions for the modular construction industry. Traditionally, the fire safety of 
modular structures is assured by compliance to codes that were not originally 
conceived for the design and construction characteristics specific to the modular 
construction industry. 
Within the scope of the work described herein, a comprehensive solution was 
developed for the design of a fire safe, exemplar modular medium-rise structure. In 
virtue of its simplicity, such solution has been ideally developed to cater for the 
construction, transportation and installation challenges (and design objectives) that 
are characteristic of the modular industry.  
The exemplar system of modular units has been devised specifically to be amenable 
to resisting to the thermal effects of fire. The system has been designed to be suited 
to the challenges of modular construction, whilst still being equivalent in performance 
to in-situ built constructions. The system is based on original intermodular 
connections. These connections guarantee semi-independence of neighbouring 
towers of modules in the way they respond to the effect of the fire, while providing 
sufficient cohesive action to guarantee wind resistance and general load-bearing 
robustness. Also, such connections are suited to straightforward assemblage on site.  
In virtue of its simplicity of construction and its on-site assemblage, this system is 
well suited to low precision modular factory build and is tolerant to on-site 
adversities. Due to the aforementioned semi-independence, this system is 
intrinsically easily tractable in terms of structural fire assessment and is repeatable. 
Thus, this system creates the base block for future modular construction procedures, 
as well as for the design, tendering and costing processes. The system can hence 
provide the ideal building block for modular methodology with upfront clear costs and 
performance. 
The study has shown the benefits of this innovative system and of the fire safety 
performance-based approach which inspired it, in comparison to traditional 
prescriptive code compliance method. Such benefits are related to economics and 
safety. 
This work has also resulted in the development of modular solutions for fire-rated 
intertenancy partitions. The main landmark accomplished with a performance-based 
approach is the development of a hybrid steel-plasterboard-timber partition. This 
partition intrinsically guarantees robustness in the transport of the module. Due to its 
simplicity, the partition is suited to standard modular manufacturing practices. The 
exploratory empirical testing of the partition demonstrates a fire safety performance 
which significantly exceeds regulatory requirements for the intended applications. 
The partition developed herein has the potential to replace conventional, non-optimal 
partitions used in modular construction in application where fire resistance is 
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required. This is in line with the needs of the modular industry aimed at providing 
interchangeable solutions with forthright well-defined cost and performance.   
Finally, the methodology proposed herein has been empirically shown to be 
equivalent in performance to in-situ built solutions, and congruent with the 
methodologies, requirements, and challenges that are unique to the modular 
industry. 
5.1 Research limitations 
This thesis has highlighted various research topics that are worthy of future 
research.  
Areas that depart from the cuboid configuration tested in compartment fire literature 
require further consideration, with more sophisticated models and empirical 
validation. Such models and validation constitute a challenge that are not fully 
resolved, even for in-situ construction [63]. 
The analysis is based on many simple assumptions, including an analysis based on 
constant temperatures, and that ignores the fire growth and the nonlinear properties. 
Future work could involve improving this analysis. Expansions of structural elements 
are dependent on the whole system, and even pinned connections can affect 
expansion length. In order to derive accurate answers, advanced methods such as 
ABAQUS can be used with a nonlinear type of analysis. 
Another element that requires further analysis is the spread of fires in neighbouring 
compartments within the sole occupancy unit, before the self-extinguishment of the 
original fire. The conservative approach in regard to heat transfer is the first means 
by which to deal with this occurrence. Further detailed modelling is required. Also, a 
more detailed study of the heat transfer in the modular structure would help bring 
about an approach that is more precise and less conservative than the one used in 
this study. 
Testing the limits of applicability of the structure to tolling seismic requirements is 
deserving of a project on its own. The same can be said for the actual behaviour of 
the specifically employed intermodular connections. The latter could be tested in a 
laboratory.  
In regard to the second part of this work, the study of vertical modular fire-rated 
partitions excludes structural fire resistance: The capability of the partition to resist 
the interactions with the neighbouring elements in a fire is a topic that could offer 
further studies. These studies could examine partitions of sizes that are greater than 
those that are addressed in this study. 
5.2 Suggestions for additional research  
The main project stemming from this work is intended to be the development of a 
large-scale testing, in order to validate empirically how the module under load 
behaves cohesively in a fire. This test can also allow validating if the cohesive 
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system is capable of maintaining compartmentation, or if the interaction of the 
thermal expansions might affect the capacity of partitions to contain flame and 
smoke spread. A step before this large-scale test could be extending the works of 
[64] , [65] and [66], to the specific construction and novel connection typologies 
considered in this project. Such a study would benefit the understanding of the 
behaviour of the innovative modular partition proposed. 
As for the intertenancy partitions, the assessment —via simulation and perhaps 
whole scale testing—should be conducted to assess the effect of loads and 
interactions between the module (non-fire-rated and fire-rated ceilings, floors and 
walls). A complement to this assessment would be to assess whether the lightweight 
partitions maintain their characteristics in regard to fire protection under the effect of 
usage and wear. The Australian codes appear to deal indirectly with the issue by 
requiring the wall linings to pass an impact test. The aim would be to address 
quantitatively via experiments how much of the performance is loss in function of 
varying degrees of damage compatible with utilisation. 
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